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work  and  the  data  collection  of  the  ultrasonic  waveforms  under 
subcontract  to  Adaptronics.  Section  5 of  this  report  was  written 
by  Messrs.  Lawrie  and  Reeves.  The  fatigue  crack  specimens  were 
prepared  by  Metcut  Research  Associates,  Cincinnati,  Ohio,  under 
subcontract  to  Adaptronics. 
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SUMMARY  OF  MAJOR  RESULTS  AND  CONCLUSIONS 


A quantitative  subsurface  fatigue  crack  measurement  system  has 
been  synthesized  from  nondestructive  evaluation  (NDE)  waveform 
parameter  inputs  and  is  capable  of  detecting  and  measuring  quanti- 
tatively subsurface  fatigue  cracks  in  the  size  range  of  0 to  279 
mils  to  within  70  percent  of  their  nominally  characterized  lengths. 
Previous  investigations  had  achieved  a 50  percent  detection  rate 
for  cracks  larger  than  30  mils,  and  no  detection  capability  for 
cracks  smaller  than  30  mils  (Ref.  3).  However,  the  Adaptive 
Learning  Network  (ALN)  fatigue  crack  measurement  system  reported 
herein  is  the  first  known  fatigue  crack  NDE  system  capable  of 
detection  and  measurement  for  this  wide  range. 

The  NDE  waveforms  were  recorded  from  sixteen  sample  specimen 
fastener  hole  fatigue  cracks  under  two  different  experimental  condi- 
tions. Series  1 was  recorded  with  the  ultrasonic  transducer  wedge 
at  20  degrees  to  the  plane  of  the  material  surface,  and  Series  2 
with  the  wedge  at  30  degrees.  Figure  1.1  illustrates  the  diversity 
of  responses  observed  between  Series  1 and  2.  In  Series  1 (Figure 
1.1(a)),  the  signature  from  a 93  mil  crack  has  a larger  amplitude 
than  the  one  from  a 192  mil  crack.  In  Series  2,  (Figure  1.1(b)), 
the  reverse  is  true.  Among  the  four  signatures  in  the  figure,  the 
93  mil  crack  for  Series  1 has  the  largest  amplitude,  followed  by 
192  mils  for  Series  2,  192  mils  for  Series  1,  and  lastly,  93  mils 
for  Series  2.  If  amplitude  were  the  determining  factor  (as  it  was 
in  previous  investigations),  serious  errors  would  be  committed  in 
resolving  crack  sizes  under  different  recording  conditions. 

Figure  1.2  is  a plot  of  the  measured  crack  size,  by  the  ALN 
system,  and  its  nominally  characterized  length  for  the  two  series 
of  experiments.  The  AFML  accepted  tolerance  limits  are  +10  mils 
for  cracks  nominally  characterized  less  than  30  mils;  +20  mils 
for  cracks  greater  than  30  mils  but  less  than  100  mils;  and  +40 
mils  for  cracks  greater  than  100  mils.  Eighty-one  and  two-tenths 
(81.2)  percent  (13  out  of  16)  of  the  sample  specimens  in  Series  1, 
and  75  percent  (12  out  of  16)  of  the  specimens  in  Series  2 are 
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192  and  93  mil  crack  signatures 
amplitude  of  the  93  mil  crack. 


Figure  1 . 1(b) 


93  mil  crack  signature  is 


192  and  93  mil  signatures 
considerably  smaller. 


The  abscissa  of  each  plot  is  time  (psec)  and  the  ordinate  is 
signal  amplitude  (arbitrary  units). 


FIGURE  1.1:  ULTRASONIC  WAVEFORMS  RECORDED  FROM  TWO  SAMPLE 

SPECIMEN  CRACKS  UNDER  DIFFERENT  TEST  CONDITIONS 


Nominal  ("True")  Crack  L»  ntU‘i  (Mils),  t 


FIGURE  1.2:  PERFORMANCE  OF  ALN  OUANTITA^IVE  SURFACE/ SUBSURFACE 

FATIGUE  CRACK  LENGTH  MEASUREMENT  SYSTEM 


FIGURE  1.3:  RELIABILITY  OF  NDE  CRACK  DETECTION  SYSTEM 


Reliability  of  New  System 


Figure  1.3(c):  Probability  of  Correct  Acceptance 
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cracks  smaller  than  30  mils.  The  probability  of  false  rejection 
is  never  more  than  11  percent  for  any  crack  — irrespective  of 
size.  Finally,  the  probability  of  correct  acceptance,  P r^,  is 
plotted  in  Figure  1.3(c)  for  both  the  new  system  and  the  current 
typical  NDE  system.  The  new  system  is  much  more  urliformly 
reliable. 

In  synthesizing  the  ALN  system,  sixteen  of  the  31  candidate  ultra- 
sonic parameter  inputs  were  automatically  selected  by  the  ALN  for 
identifying  the  crack  length.  The  16  parameters  were  derived  from 
the  power  spectrum  and  cepstrum  of  the  NDE  amplitude  versus  time 
waveform.  The  fractional  power  in  various  bands  in  the  spectrum 
and  cepstrum  as  well  as  the  overall  shape  of  these  two  curves  were 
found,  as  a group,  to  be  key  indicators  of  the  crack  length,  although 
by  themselves  they  are  not  capable  of  resolving  its  size. 

An  (incomplete)  16th-order  polynomial  in  the  input  parameters 
was  realized  by  the  ALN  model  for  measuring  subsurface  fatigue 
crack  size.  New  ultrasonic  data  from  unknown  crack  specimens 
can  be  preprocessed  to  generate  the  parameter  inputs  and  used 
to  interrogate,  in  software,  the  ALN  in  milliseconds  to  measure 
crack  size. 

The  major  conclusion  is  that  subsurface  fatigue  crack  length 
can  be  accurately  measured  from  the  information  contained  in 
the  ultrasonic  NDE  signature.  In  particular,  cracks  below  30 
mils,  heretofore  undetectable,  can  be  detected  and  measured 
with  reasonable  accuracy. 
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INTRODUCTION 
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2.1  OBJECTIVES 

The  Identification  of  subsurface  fatigue  cracks  is  an  important 
and  difficult  problem  in  the  nondestructive  evaluation  of 
materials.  Such  cracks  are  induced  around  fastener  holes  in 
materials  and  are  known  to  grow  rapidly  if  the  shearing  forces 
on  the  material  exceed  a certain  threshold.  Thus,  it  is  important 
to  identify  fatigue  cracks  on  aircraft  parts,  turbine  blades, 
etc.  to  develop  suitable  countermeasures  to  increase  the  relia- 
bility of  these  systems. 

The  main  objective  of  the  second  half  of  this  program,  Task  II, 
was  to  demonstrate  the  capability  for  accurately  measuring  the 
size  of  subsurface  fatigue  cracks  by  using  adaptive  nonlinear 
signal  processing  techniques.  The  cracks,  which  were  induced  in 
aluminum  sample  blocks  via  fatigue  loading,  were  ultrasonically 
tested  and  the  reflected  echo  signals  were  available  for  analysis. 

Ancillary  objectives  included: 

• Quantitatively  assessing  the  information  content  of 
ultrasonic  waveforms  relative  to  modeling  the 
descriptors  of  crack  geometry. 

• Identifying  the  most  discriminating  subset  of  para- 
meters derived  from  such  NDE  waveforms. 

• Determining  the  sensitivity  of  the  model  to  variations 
in  the  input  parameters. 

It  was  stated  that  the  results  would  provide  important  informa- 
tion regarding  the  relationship  between  the  best  found  ultra- 
sonic NDE  waveform  parameters  and  the  underlying  physical 
phenomenona . 
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2.2  REPORT  ORGANIZATION 

if 

The  remainder  of  this  report  has  been  divided  into  the  following 
sections : 

Section  3 - Describes  the  preparation  of  fatigue 
crack  specimens. 

Section  4 - Describes  new  techniques  for  the  detection  of 

subsurface  fatigue  cracks  A general  philosophy 
of  data  collection  procedures  of  ultrasonic 
waveforms  reflected  from  subsurface  fatigue 
cracks  and  their  analysis  is  presented.  The 
advantages  of  scanning  the  defect  at  different 
transducer  viewing  angles  are  explained. 

Section  5 - Discusses  the  ultrasonic  data  collection  protocol 
followed  at  the  Lynchburg  Research  Center  of 
Babcock  & Wilcox  under  subcontract  to  Adaptronics, 
Inc.  The  data  gathering,  editing  and  verifica- 
tion of  magnetic  tape  and  computer  copies  prior 
to  transmittal  to  Adaptronics  are  detailed. 

6 - Details  the  signal  preprocessing  steps  performed 
on  the  ultrasonic  pulse  echo  data.  Both  the 
theoretical  aspects  and  practical  limitations 
of  linear  signal  processing  techniques  are 
described.  A spatial  transform  is  introduced 
which,  in  theory,  can  be  useful  in  mapping  the 
profile  of  the  subsurface  crack.  The  inability 
of  these  signal  preprocessing  techniques  solely 
to  estimate  crack  length  is  demonstrated. 

7 - Deals  with  the  parameterization  of  the  prepro- 
cessed waveforms  to  generate  candidate  inputs 
for  the  ALN  nonlinear  subsurface  fatigue  crack 
classifier.  The  reasons  and  methods  for  gener- 
ating such  parameters,  based  particularly  on  the 
material  in  Sections  4 and  6,  are  detailed. 

8 - Describes  the  synthesis  and  performance  of  the 
ALN  classifier.  The  physical  relationships 
between  the  synthesized  parameter  inputs  and  the 
crack  size  are  presented. 

9 - Recommends  research  areas  for  future  work. 
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3.  PREPARATION  OF  FATIGUE  CRACK  SPECIMENS 


Sixteen  different  sized  cracks  in  aluminum  sample  specimens  were 
prepared.  Table  3.1  shows  the  size  and  area  of  each  of  the  cracks, 
which  ranged  in  size  from  0 to  279  mils.  The  cracks  were  induced 
by  creating  a notch  in  the  fastener  hole  and  then  fatiguing  the 
material  to  cause  crack  growth.  (See  Appendix  A for  details.) 

Crack  length  versus  specimen  identification  is  shown  in  Table  3.1. 
The  cracked  surface  is  identified  in  the  bottom  sketch.  If  the 
specimen  is  held  in  a manner  so  that  the  specimen  number  can  be 
read,  the  crack  will  be  on  the  lower  surface.  The  first  two  digits 
of  the  five  digit  sample  number  are  a specimen  identification  code 
and  vary  from  00  through  15.  The  last  three  digits  indicate  the 
size  of  the  crack  in  mils.  For  example,  11-093  is  specimen  11  in 
which  the  subsurface  crack  is  nominally  93  mils  in  length. 

To  insure  precracking  location  and  to  avoid  double  crack  initia- 
tion, an  EDM  starter  notch  was  used  on  all  specimens  except 
15-279.  The  depth  and  width  dimensions  of  the  EDM  notches  are 
also  given  in  Table  3.1. 

The  fatigue  crack  specimens  were  manufactured  in  conformance  with 
ASTM  Specification  E127-64  from  5/8  x 3 inch  7075-T651  aluminum 
plate.  The  aluminum  conforms  to  Federal  Specification  QQ-A-250/13 
and  was  ultrasonically  inspected  as  per  American  Aluminum  Associa- 
tion FBH  Cl.AA  3/64  inch  by  Conam  Inspection  of  Columbus,  Ohio, 
a Division  of  Automation  Industries,  Inc.  Certification  of 
material  as  to  mechanical  property  and  ultrasonic  inspection 
is  given  in  Appendix  A. 

The  specimens  were  low-stress  ground  on  all  surfaces  with  a 
single  drilled  and  reamed  hole  located  at  one  end.  Specimen  con- 
figuration is  shown  in  Figure  3.1.  Specimens  were  then  loaded 
into  the  precracking  fixture  shown  in  Figure  3.2.  The  precracking 
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TABLE  3 . 1 

CRACK  LENGTHS  OF  SPECIMENS 


Specimen  No. 

EDM  Smarter  NoJ.cjh 
Depth  Width 

Crack  Length 

00-000 

— 

— 

0 

01-000 

— 

— 

0 

02-011 

.0026 

.0022 

.011 

3-014 

.0016 

.0020 

.014 

4-018 

.0016 

.0019 

.018 

5-022 

.0035 

.0020 

.022 

6-027 

.0020 

. 0020 

.027 

7-039 

.0014 

.0018 

.039 

8-048 

.0019 

.0020 

.048 

9-054 

.0016 

.0018 

.054 

10-073 

.0019 

.0021 

.073 

11-093 

.0020 

.0021 

.093 

12-113 

.0024 

.0019 

. 113 

13- 150 

.0015 

.0019 

. 150 

14- 192 

.0017 

. 0018 

. 192 

15-279 

- -- 

— 

.279 

•r 

Depth  along  hole  radius 
Width  tangent  to  hole  circumference 


Head  of  Bolt 


000 


FIGURE  3.2:  PRECRACKING  FIXTURE  LOADED  WITH  SPECIMEN 


was  performed  in  four-point  bending  on  a SF01  Sonntag  fatigue 
machine.  This  is  a constant  force  machine  and  has  a cycle  ratio 
of  1800  cpm.  The  specimens  were  cycled  at  a surface  bending 
stress  of  20  ksi  and  a ratio  of  0.90  (odyn . /ostat . = 0.9  percent). 
Crack  initiation  occurred  between  20,000  and  50,000  cycles  with 
no  specimens  requiring  more  than  400,000  cycles  (injtation  plus 
growth) . 

One  of  the  initial  concerns  in  the  manufacture  of  the  specimens 
was  to  grow  cracks  with  a length-to-depth  ratio  of  approximately 
1:1.  To  verify  this  ratio,  four  specimens  were  precracked  and 
broken  to  observe  the  crack  shape  and  also  the  relation  of  actual 
crack  length  to  the  observed  crack  length  prior  to  failure.  Table 
3.2  gives  the  crack  lengths  for  the  four  specimens  and  Figure  3.3 
shows  photographs  of  the  crack  area  at  a magnification  of  10X. 

After  manufacturing  and  precracking,  1/4  - 28  aircraft  quality 
fasteners  were  installed  in  the  specimens.  The  fasteners  were 
installed  with  a hardened  steel  washer  under  both  the  nut  and  the 
head  of  the  fastener,  and  torqued  to  a value  of  20  ft. -lbs. 

The  sealant  applied  to  the  fastener  assembly  was  a 3-M  product  — 
EC-1675,  Class  B — which  is  equivalent  to  MIL-S-8802.  (A  sketch 
of  the  installed  fastener  is  shown  at  the  bottom  of  Table  3.1.) 
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TABLE  3.2 


RELATION  OF  OBSERVED  CRACK  LENGTH 
TO  ACTUAL  SURFACE  LENGTH  AND  BORE  DEPTH 


Specimen 


No. 


Surface  Crack  Length  (A) 
Observed  on  Surface  After  Failure 


Bore  Crack  Length  (B) 
After  Specimen  Failure 


7 

. 057 

. 055 

2 

. 054 

. 060 

3 

. 197 

. 198 

10 

. 196 

. 201 

. 035 
.067 
. 180 
. 185 


A = Surface  Crack  Length 
B = Bore  Crack  Length 
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Surface  Length 


Surface  Length 


Ref.  Table  3.2 


FIGURE  3.3:  PHOTOMICROGRAPHS  OF  FATIGUE  CRACK  DEPTH  AT 

MAGNIFICATION  OF  10X. 


SUBSURFACE  FATIGUE  CRACK  DETECTION  PROCEDURES 


4 . 

4.1  METHODS  OF  CRACK  DETECTION 

Modern  techniques  for  detection  of  subsurface  fatigue  cracks  in 
metals  rely  on  the  analyses  of  reflected  ultrasonic  signals  from 
such  defects.  The  procedure  involves  directing  a beam  of  ultra- 
sound from  an  electronic  pulser  and  transducer  (which  converts 
electrical  pulses  to  ultrasound)  towards  the  defect  and  capturing 
the  return  signal.  The  absence  of  a return  signal  within  a pre- 
scribed time  interval,  that  is  determined  by  the  velocity  of 
ultrasound  in  the  material  and  the  material  thickness,  indicates 
an  absence  of  a defect.  The  defect  acts  as  a discontinuity  to 
the  ultrasound  beam  and  a fraction  of  its  energy  is  reflected 
back  to  the  transducer.  The  return  signal  constitutes  a defect 
"signature."  Assumptions  usually  made  about  the  defect  signature 
include : 

• The  larger  the  defect,  the  larger  the  signal  amplitude. 

• The  frequency  spectrum  of  the  return  signal  has 
essentially  the  same  characteristics  as  the  trans- 
mitted signal. 

Both  of  the  above  statements  are  subject  to  qualification  (as 
pointed  out  in  Section  6.5)  but  they  have  been  key  assumptions 
in  previous  investigations  of  the  problem  (e.g.,  Ref.  3,  4). 

Previous  approaches  to  this  problem  can  be  divided  into  two  cate- 
gories. The  first  is  a linear  systems  approach.  In  this  case, 
the  return  signal  from  a defect  is  viewed  as  a convolutional 
process  between  the  intervening  systems  (i.e.,  transducer,  medium 
and  defect)  and  the  transmit  signal  (Ref.  3,  4).  The  second  is 
a phased-array  approach  in  which  the  return  signals  from  an  array 
of  transducers  situated  in  the  vicinity  of  the  defect  are  recon- 
structed, either  in  software  or  hardware,  to  emphasize  its 
characteristics.  (Ref.  4). 
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In  this  study  a model  was  created  relating  subsurface  fatigue 
crack  size  to  certain  parameters  of  its  reflected  ultrasonic 
signature.  The  crack  size  is  modeled  as  a nonlinear 
combination  of  these  parameters.  The  types  of  parameters 
extracted  from  these  ultrasonic  signatures  were  guided,  in 
large  part,  from  the  linear  systems  theoretic  point-of-view . 

For  example,  the  power  spectrum  and  its  associated  parameters 
were  selected  as  inputs  to  the  model  because  these  are  key  indi- 
cators of  crack  size  in  the  linear  system  analysis  (see  Section 
6.1).  Furthermore,  ultrasonic  signatures  were  obtained  by 
viewing  the  defect  from  various  transducer  positions  in  the 
vicinity  of  the  defect,  similar  to  the  phased-array  approach 
of  previous  investigations.  The  parameters  of  these  signatures 
were  used  to  model  crack  size  as  a function  of  the  transducer 
viewing  angle. 

4.2  CHOICE  OF  ULTRASONIC  FREQUENCIES 

Ultrasonic  signals  in  the  frequency  range  of  1 to  15  MHz  were 
used  because  the  associated  wavelengths  are  comparable  to  the 
crack  sizes  being  investigated.  Assuming  a shear  wave  velocity 

Q 

of  1.26  x 10  mils/second  in  aluminum,  the  wavelengths  range  from 
8.4  to  126  mils,  and  the  crack  sizes  in  the  sample  set  were  from 
0 to  279  mils.  Therefore,  the  wavelength-tc-def ect  size  ratio 
is  such  that  the  defect  acts  as  an  impediment  to  the  waves  in  the 
ultrasound  beam  and  a fraction  of  its  energy  will  be  reflected 
back  to  the  transducer. 

The  fraction  of  energy  is  functionally  dependent  on  the  wave- 
length, the  crack  geometry,  and  the  properties  of  the  medium. 

If  the  defect  is  "viewed"  at  any  angle  other  than  normal  to  its 
plane,  interference  effects  will  be  manifested  in  the  return 
signal  spectrum.  This  is  so  because  the  reflections  from  the  two 
edges  of  the  defect  will  not  arrive  at  the  same  instant  of  time, 
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and  depending  on  the  crack  length,  the  transducer  viewing  angle, 
and  the  wavelength,  the  consequent  phase  relationship  between  the 
two  reflected  waves  may  lead  to  a constructive  or  destructive 
interference  pattern.  Furthermore,  for  any  particular  crack  size 
and  viewing  angle,  the  interference  effects  will  occur  at  multiDle 
frequencies  because  of  the  existence  of  harmonics  of  those  wave- 
lengths for  which  phase  cancellation  or  enhancement  occurs. 

4.3  EXPERIMENTAL  ARRANGEMENT 

A subsurface  fatigue  crack  was  assumed  to  be  planar  with  grain 
boundaries  no  larger  than  the  smallest  wavelength  in  the  ultra- 
sonic input  signal.  The  length-to-depth  (aspect)  ratio  of  the 
crack  was  assumed  to  be  unity.  (This  was  verified  by  destructive 
testing  of  specimen  cracks  discussed  in  Section  3.)  Therefore, 
a subsurface  fatigue  crack  can  be  considered  a quarter  circle 
planar  defect  adjacent  to  the  fastener  hole  bore. 

A simplified  view  of  the  ultrasonic  test  procedure  is  shown  in 
Figure  4.1.  It  consists  of  a transducer  mounted  on  a plastic 
wedge  atop  the  material  surface.  The  plastic  wedge  converts 
the  longitudinal  waves,  generated  by  the  transducer,  into  shear 
waves  at  the  plastic  wedge-metal  surface  interface.  The  beam 
is  pointed  into  the  material  and  toward  the  defect.  The  method 
of  operation  consists  of  directing  an  ultrasonic  pulse  towards 
the  defect.  After  a certain  time  interval,  the  reflected  signal 
is  received  at  the  transducer  and  is  available  for  analysis. 

The  normal  incident  position  of  the  transducer  is  defined  to  be 
in  a plane  perpendicular  to  the  plane  of  the  crak.  In  this 
position,  the  reflected  waves  from  the  two  edges  of  the  crack  — 
the  inner  edge  toward  the  fastener  hole  and  the  outer  edge  — 
arrive  in  phase  at  the  transducer.  This  is  true  for  all  frequen- 
cies because  of  the  normal  incident  position.  Therefore  the 
frequency  spectrum  of  the  return  signal  has  essentially  the  same 
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FIGURE  4.1:  SIMPLIFIED  VIEW  OF  THE  ULTRASONIC  TEST  PROCEDURE 
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characteristics  as  the  transmit  signal  spectrum,  except  for  differ- 
ences imposed  by  diffraction.  These  differences  are  a function  of 
crack  size-wavelength  ratios.  The  amplitude  variations  of  the 
return  signal  should  be  indicative  of  crack  size. 

4.4  CIRCULAR  SCANNING  OF  THE  DEFECT 

Apart  from  collecting  return  signals  from  a subsurface  defect 
at  the  normal  incident  position,  it  is  desirable  to  collect  data 
at  various  other  positions  by  moving  the  transducer  (either 
mechanically  or  manually)  in  the  vicinity  of  the  defect.  This 
is  motivated  by  the  fact  that  a component  of  the  planar  crack 
is  "visible"  to  the  transducer  at  different  positions  --  that 
component  is  a function  of  both  the  crack  size  and  the  viewing 
angle  with  respect  to  the  normal  position.  Thus  the  return  signal 
spectrum,  at  any  position,  is  a function  of  crack  size  and 
position.  Different  viewing  angles  can  produce  marked  changes 
in  the  interference  effects  in  the  return  signal  spectrum  and 
they  can  therefore  be  useful  in  characterizing  crack  sizes. 


Figure  4.2  illustrates  why  interference  effects  may  be  manifested 
in  the  return  signal  spectrum  when  a defect  is  viewed  at 
different  angles.  At  the  normal  incident  position,  the  trans- 
ducer’s longitudinal  axis  is  perpendicular  to  the  plane  of 
the  crack.  All  waves  emanating  from  the  transducer  arrive  at 
edges  A and  B at  the  same  instant  of  time  and  are  consequently 
reflected  and  received  in  phase  at  the  transducer.  Thus  the 
return  signal  spectrum  is  essentially  the  same  as  the  transmit 
signal  spectrum.  However,  when  the  crack  is  viewed  at  the  off- 
normal  position,  the  reflection  from  edge  A is  received  prior 
to  the  reflection  from  edge  B.  An  interference  pattern  (either 
constructive  or  destructive)  will  be  observed  in  the  return 
signal  spectrum  depending  on  the  wavelength  A of  the  wave,  the 
differential  distance  needed  for  this  wave  to  travel  the  extra 
round  trip  distance  to  B with  respect  to  edge  A,  and  the  viewing 
angle,  9. 
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1.2a  WAVE  PATTERNS  WITH  TRANSDUCER  AT  NORM \L  INCIDENT  POSITION 


2b:  WAVE  PATTERNS  WITH  TRANSDUCER  AT  OFF-NORMAL  POSITION 

FIGURE  4.2:  ILLUSTRATION  OF  INTERFERENCE  EFFECTS  AS 

FUNCTION  OF  TRANSDUCER  VIEWING  ANGLE 
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Therefore,  a key  parameter  that  determines  the  amount  of  construc- 
tive or  destructive  inference  at  various  frequencies  and  angles 
is  the  crack  length  AB.  This  fact  was  used  to  advantage  in 
designing  the  data  recording  system  employed  in  this  project. 

(The  above  development  is  accurate  for  a line  or  rectangular 
crack,  but  not  for  the  quarter  circle  shaped  defect  used  in  this 
project.  One  can  imagine  the  quarter  circle  to  be  composed  of  an 
infinitely  dense  stack  of  lines  whose  length  grow  from  zero  mils 
at  the  top  of  the  bore  to  AB  mils  at  the  bottom  of  tne  bore  (i.e., 
at  the  surface).  Therefore,  a stat ist ical  distribution  of  inter- 
ference patterns  will  be  recorded  rather  than  one  single  pattern. 
The  statistical  nature  of  the  NDE  signal  is  one  of  the  reasons 
why  an  empirical,  nonlinear,  and  statistically-oriented  approach 
is  required.  This  point  will  be  developed  more  in  Sections  6,  7, 
and  8 . ) 

A recording  system  was  constructed  to  scan  the  hole  in  a circular 
manner  as  shown  in  Figure  4.3.  It  consists  of  a transducer 
positioning  device  which  is  free  to  rotate  about  a fixed  radius 
from  the  center  of  the  fastener  hole.  The  transducer  is  attached 
to  the  device  and  can  be  manipulated  to  record  data  at  any  desired 
position . 

It  was  decided  to  record  data  at  the  normal  incident  position  and 
at  five  other  angular  positions  in  5.5°  increments,  in  a direc- 
tion toward  the  crack.  The  viewing  angle  thereby  varied  from 
0°  to  27.5°  in  5.5°  increments.  The  transducer  was  moved 
manually  to  record  data  at  these  six  positions.  The  normal  inci- 
dent (0°)  position  was  determined  by  that  transducer  viewing  angle 
which  elicited  the  maximum  crack  response  as  determined  by  visual 
examination  of  the  oscilloscope  trace.  In  addition,  a "reference" 
signal  was  recorded  by  pointing  the  transducer  away  from  the 
crack.  The  reference  signal  contained  the  hole  response  alone 
and  was  used  for  deconvolution  purposes  (as  described  in  Section  6) 
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An  angular  increment  of  5.5°  was  chosen  for  the  following  reason. 

The  reflected  ultrasonic  signal  was  sampled  at  a 10  nanosecond/point 
rate  which,  by  the  Nyquist  criterion,  yielded  the  theoretical 
highest  observable  frequency  to  be  50  MHz.  Assuming  that  the  true 
highest  observable  frequency  is  30  MHz,  the  corresponding  wavelength 

g 

is  4.2  mils  for  a shear  wave  velocity  of  1.26  x 10  mils/sec. 

Figure  4.4  is  a schematic  of  the  crack  reflection  geometry.  The 
bold  line  AB  represents  the  crack  and  its  plane  extends  into  the 
paper.  The  extra  round  trip  distance  for  a wavefront  of  wave- 
length A,  traveling  towards  corner  B with  respect  to  corner  A, 

is  21  sin  0.  For  destructive  interference  we  require 
o 


2 2,  sin  0 = A/2 
o 

or 

sin  0 = A/42q 


To  observe  destructive  interference  for  an  11  mil  crack  (which 
is  the  smallest  crack  in  the  sample  set)  we  have: 


^min 


sin 


/ A . 

| min 

42  . 

\ min 


(4.3) 


= sin 


-1 


4.2 

4x11 


5 . 5 


( 4.4) 


Therefore,  5.5°  is  the  smallest  angle  required  to  observe  a 
minimum  in  the  power  spectrum  of  a return  signal  from  the  smallest 
crack  in  the  sample  set.  So,  for  an  11  mil  crack,  minima  (i.e., 
"nulls")  should  occur  in  the  amplitude  versus  time  waveforms  at 
0 = 5.5°,  16.5°  and  27.5°.  This  result  can  be  used  to  advantage 
for  an  11  mil  crack. 
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Figure  4.5  illustrates  the  variety  of  signals  obtained 
from  the  circular  scanning  apparatus  for  the  192  mil,  93  mil, 

39  mil,  and  14  mil  specimens.  Each  time  signal  for  each  crack 
and  viewing  angle  consists  of  the  reflection  from  the  hole 
initially,  then  the  response  from  the  inner  edge  of  the  crack 
nearest  the  hole  and,  lastly,  the  response  from  the  outer  edge 
of  the  crack. 

To  illustrate  the  interpretation  of  each  of  the  plots  in  Figure  4.5, 
a single  time  plot  of  sample  14-192  viewed  at  0°  is  shown  in 
Figure  4.6.  The  time  window  is  4 microseconds.  The  signal  during 
time  interval  marked  "A",  which  is  approximately  0.5  microseconds 
in  duration,  is  the  response  from  the  outer  surface  of  the  fastener 
hole.  The  signal  during  time  interval  marked  "C"  is  the  "e'lei  *on 
from  the  outer  and  inner  edge  of  the  crack.  Interval  "B"  s the 
time  between  these  two  events. 

Each  plot  in  Figure  4.5  contains  the  three  time  intervals  des- 
cribed above,  although  the  duration  of  each  is  functionally 
dependent  on  the  crack  length  and  the  viewing  angle.  The  sequence 
of  occurrence  of  the  event  is  always  the  same  as  in  Figure  4.6, 
i.e.,  the  hole  response  followed  by  a crack  response.  As  explained 
above,  this  is  so  because  the  fastener  hole  is  closest  to  the  trans- 
ducer and  its  reflection  is  received  initially.  Also,  as  the 
viewing  angle  increases,  the  response  from  the  outer  and  inner 
edges  of  the  crack  tend  to  "creep  up"  on  one  another  because  the 
difference  in  their  physical  distances  from  the  transducer  decreases. 
The  hole  response,  however,  always  occurs  at  the  same  instant  of 
t ime . The  time  of  occurrence  of  the  hole  response  was  used  as  a 
reference  time  for  gating  the  crack  response  in  the  data  window, 
because  the  time  of  occurrence  of  the  latter  varies  with  crack 
size  and  viewing  angle,  whereas  the  former  is  fixed. 

Examining  Figure  4.5,  one  can  observe  the  interference  phenomenon 
being  manifest.  For  example,  a 192  mil  crack  has  a large  response 
at  the  0°  position,  decreases  somewhat  at  5.5°,  and  increases 
again  at  11°.  Large  responses  are  elicited  from  the  93  mil  crack 
at  0 and  16.5°;  the  preferred  viewing  angles  for  a 39  mil  crack 
are  0°  and  22°. 
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FIGURE  4.5:  FATIGUE  CRACK  NDE  WAVEFORMS  RECORDED  FROM  FOUR  SPECIMENS 

AT  SIX  VIEWING  ANGLES 
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FIGURE  4.6:  RESPONSE  FROM  14-192  SPECIMEN  VIEWED  AT  0 


The  smaller  cracks  — 39  and  especially  14  mils  in  the  figure  — 
have  barely  discernible  responses  and  are  difficult,  if  not 
impossible,  to  distinguish  visually  from  the  background  noise  (in 
spite  of  the  fact  that  signal  averaging  was  performed  to  minimize 
equipment  noise,  see  Section  5.5).  The  information  relative  to 
the  cracks  is,  of  course,  resident  in  their  reflected  signals, 
even  though  it  may  not  be  apparent  from  visual  examination  of  the 
amplitude  versus  time  traces.  This  was  another  reason  for  record- 
ing return  signals  from  six  different  transducer  viewing  angles 
for  each  crack  specimen. 


For  each  viewing  angle  6,  the  data  window  for  analysis  included 
both  the  response  from  the  outer  surface  of  the  fastener  hole 
and  the  response  from  the  crack,  because  the  time  of  occurrence 
of  the  former  is  predictable,  whereas  the  time  of  occurrence  of 
the  latter  varies  with  both  the  crack  geometry  and  the  viewing 
angle.  The  data  window  was  sufficiently  long  (5  microseconds)  to 
include  the  crack  response,  but  not  spurious  reflections  from  other 
sources  or  multipath  reflections. 

In  summary,  the  approach  to  data  collection  for  the  crack 
detection  procedure  was  an  integration  of  both  the  "linear 
systems"  and  the  "phased-array"  approaches.  The  reflection  of 
ultrasonic  signals  from  a subsurface  defect  was  considered  as  an 
output  from  a "black  box".  The  constituents  of  the  black  box 
are  the  medium,  the  transducer,  and  the  defect,  but  the  analytical 
relationship  among  them  is  unknown.  The  problem  lies  in  extract- 
ing the  characteristics  of  the  defect  from  the  output  of  the  black 
box.  Linear  signal  processing  techniques  alone  were  not  capable 
of  resolving  defect  size,  as  shown  in  Section  6.  Therefore,  the 
best  one  can  do  under  the  circumstances  of  lack  of  knowledge 
concerning  the  underlying  analytical  relationships  is  to  con- 
struct an  empirical  mathematical  model  based  on  known  parameters 
of  the  output  response  and  the  intrinsic  nature  of  the  defect. 
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5.  DATA  COLLECTION  PROTOCOL 


5.1  OBJECTIVE 

The  objective  of  the  data  collection  was  to  obtain  pulse  echo 
ultrasonic  data  from  fatigue  cracks  guided  by  the  principles 
outlined  in  Section  4.  As  in  Task  I of  this  project  (Ref.  6), 
the  equipment  was  specially  selected  to  provide  as  great  a 
bandwidth  as  possible  so  that  the  ultrasonic  waveform  would  have 
maximum  information  content. 

5.2  DESIGN  OF  THE  ULTPASONIC  EXPERIMENTS 

The  design  of  the  ultrasonic  experiments  for  Task  II  of  the  pro- 
ject was  guided,  to  a large  extent,  by  the  results  obtained  in 
Task  I.  In  Task  I,  it  was  shown  that  the  size  of  flat-bottomed 
holes  could  be  determined  by  parameters  other  than  the  amplitude 
of  the  reflected  ultrasonic  pulse.  Moreover,  the  results  of 
Task  I demonstrated  that  differences  in  the  reflected  pulses, 
too  subtle  to  be  recognized  by  a human  operator,  could  in  fact 
be  used,  with  proper  signal  processing,  to  elicit  much  more  informa- 
tion than  was  readily  apparent. 

In  Task  I,  one  of  the  most  important  signal  parameters  was  the 
spectral  energy  in  the  0 to  12.5  MHz  band.  The  transducers 
produced  energy  in  the  frequency  range  from  3.5  to  8.5  MHz  with 
wavelengths  between  approximately  .064  and  .026  inches.  The  hole 
diameter  ranged  from  .016  to  .125  inches.  The  diameter-to-wave- 
length  ratio,  considering  all  hole  sizes  and  all  wavelengths  present, 
ranged  from  approximately  4.8  to  about  0.24.  In  this  range  of 
diameter-to-wavelength  ratios,  the  radiation  pattern  of  the  energy 
reflected  from  the  hole  changed  considerably  with  small  changes  in 
hole  diameter.  The  spectrum  of  the  energy  detected  by  the  transducer 
acting  as  the  receiver  also  changed  rapidly  with  changes  in  radiation 
patterns.  Although  it  would  be  nearly  impossible  for  a human 
observer  to  compare  the  transmitted  and  received  pulses  and  deduce 
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hole  diameter  from  a change  in  observed  spectrum  shape, 
parameters  descriptive  of  the  spectrum  provided  significant 
information  in  classification  of  hole  diameter. 

5.3  SELECTION  OF  ULTRASONIC  EQUIPMENT 

The  equipment  selected  for  the  ultrasonic  waveform  acquisition 
system  was  basically  the  same  as  shown  in  Figure  3.4  of  the 
previous  report  (Ref.  6).  For  this  task,  however,  a Pana- 
metric  5052PR  was  substituted  for  the  5050PR  used  earlier.  The 
two  instruments  are  almost  identical  in  characteristics.  The  major 
advantage  of  the  5052PR  is  that  instead  of  having  only  a 0-20-40  dB 
attenuator,  the  latter  instrument  has  an  attenuator  with  a total 
range  of  88  dB  in  2 dB  steps  and  a gain  selection  of  either  20  or 
40  dB.  Pulses  reflected  by  the  crack  were  returned  to  the  trans- 
ducer and  were  amplified  in  the  receiver  portion  of  the  Pulser/ 
Receiver.  The  pulses  were  recorded  in  digital  form  in  a Biomation 
8100  Transient  Recorder.  The  pulse  information  stored  in  the 
Biomation  memory  was  played  back  through  a digital-to-analog  con- 
verter for  examination  on  an  oscilloscope  or  transmitted  to  the 
memory  of  a Supernova  computer  for  further  processing.  This 
capability  enabled  signal  averaging  to  be  performed  automatically 
to  enhance  the  signal-to-noise  ratio.  The  primary  function  of  the 
processing  in  the  Supernova  was  to  provide  several  optional  means 
of  using  the  data  as  input  to  other  computers  without  further  man- 
ual preparation.  Output  data  were  provided  in  digital  format  on 
magnetic  tape,  in  hardcopy  prints  from  a cathode  ray  tube  display, 
and  as  a computer  listing  from  a line  printer.  (Further  details  of 
the  data  recording  equipment  can  be  found  in  Appendix  B of  Reference 
6.)  The  data  recording  equipment  are  illustrated  in  Figure  5.1. 

Because  of  the  type  and  orientation  of  the  defects  used  in  this 
task,  the  longitudinal-wave  normal  beam  transducer  was  replaced 
with  a shear-wave  transducer.  The  center  frequency  of  the  trans- 
ducer was  10  MHz  to  provide  a more  collimated  beam  to  cope  with 
the  rather  complex  geometry  and  poor  reflecting  characteristics 
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FIGURE  5.1:  BLOCK  DIAGRAM  OF  ULTRASONIC  WAVEFORM  ACQUISITION  SYSTEM 


of  the  defects.  Transducers  and  the  plastic  wedges  on  which  they 
were  mounted  are  shown  in  Figure  5.2. 

Analysis  of  the  preliminary  ultrasonic  measurement  results 
indicated  that  highly  significant  information  would  be  obtained 
by  comparing  waveform  parameters  taken  at  different  transducer 
positions  (as  described  in  Section  4).  A simple  fixture  was 
designed  and  fabricated  to  permit  rotation  of  the  transducer  about 
the  axis  of  the  drilled  hole.  Initially  the  fasteners  were  removed 
from  four  of  the  samples  (03-014,  07-039,  11-093  and  14-192)  and  a 
pivot  point  for  the  fixture  was  installed  in  the  open  hole.  This 
was  later  modified  so  that  a pivot  point  could  be  mounted  on  the 
head  of  the  fastener  as  shown  in  Figure  5.3.  The  fasteners  were 
then  reinstalled  in  the  four  samples  following  the  procedure  in 
Section  3. 

As  illustrated  in  Figure  5.4,  the  transducer  is  aimed  just  off  the 
axis  of  the  fastener  hole  center.  In  this  way  the  main  beam 
avoided  the  hole  and  interacted  mainly  with  the  crack. 

5.4  DATA  ACQUISITION  SYSTEM 

The  new  heading  information  format,  for  Task  II,  is  shown  in 
Figure  5.5.  Two  changes  were  made  in  the  programming  for  the 
Supernova  computer.  The  first  change  was  an  addition  of  three 
lines  to  the  heading  information  to  provide  data  about  transducer 
positioning.  Lines  340,  350  and  360  were  added  to  list  two 
coordinates  and  an  orientation  of  the  transducer.  The  method  of 
measuring  these  coordinates  is  shown  in  Figure  5.4 . 

In  addition,  a change  of  information  content  in  line  560  was  made 
(Figure  5.5).  The  ultrasonic  pulser/receiver  has  two  amplitude 
controls,  one  an  attenuator  and  the  other  a gain  control.  Line 
560  was  changed  to  show  the  attenuation  as  a negative  number  and 
the  gain  as  a positive  number,  both  in  decibels. 
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FIGURE  5.3:  Mechanical  Fixture  to  Rotate  Transducer 

About  Fastener 


FIGURE  5.2:  Transducers  & Wedges  Used  For  Ultrasonic 

Data  Acquisition 
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FIGURE  5.6:  HEADING  INFORMATION  FORMAT 
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5.5  SIGNAL  AVERAGING 


A second  and  more  significant  change  was  made  in  the  programming 
to  allow  signal  averaging  to  reduce  electronic  noise.  For  most 
defects,  the  instrumentation  was  operated  at  maximum  sensitivity. 

The  total  gain  was  high  enough  for  electronic  noise  to  become 
apparent  on  the  hardcopy  printout  as  well  as  in  the  listed  data. 

For  small  defects,  the  signal -to-noise  ratio  was  relatively  low. 

In  normal  operation,  the  pulser/receiver  is  continuously  pulsing 
and  a manual  trigger  was  applied  to  obtain  a recorded  set  of  data 
in  the  Biomation.  These  data  were  examined  on  the  oscilloscope 
before  being  transmitted  to  the  computer  for  permanent  recording. 
Multiple  samples  could  be  obtained  and  the  amplitude  at  corres- 
ponding points  in  each  sample  averaged  in  the  computer.  Because 
of  its  randomness,  the  electronic  noise  tended  to  average  to  zero 
and  the  averaged  signal  data  tended  to  be  stripped  of  the  electronic 
noise.  The  number  of  samples  that  was  averaged  was  listed  as 
the  last  word  in  the  data  listing. 

Typical  results  of  signal  averaging  are  shown  in  Figure  5.6 
Hardcopy  plots  of  the  same  test  conditions  are  shown  in  which  a single 
sample  was  used  and  where  10  and  25  samples  were  averaged.  With 
a single  sample,  the  signal-to-noise  ratio  was  about  8.6  dB;  with 
tne  average  of  10  samples,  the  signal-to-noise  ratio  increased  by 
10  dB  to  18.6  dB.  With  25  samples  averaged,  an  additional 
2.7  dB  in  signal-to-noise  ratio  was  obtained. 


With  some  of  the  smaller  defects,  the  true  signal  could  be  recog- 
nized after  signal  averaging.  A pulse  is  obvious  (indicated  by  an 
arrow),  in  Figures  5.6  (b)  and  5.6  (c),  that  cannot  be  discerned 
in  Figure  5.6  (a).  In  some  cases,  however,  even  with  increased 
averaging,  a recognizable  signal  on  the  display  could  not  be 
produced  for  the  smallest  defects  (less  than  30  mils).  For 
example,  note  the  lack  of  a visually  apparent  defect  signal  for 
all  six  viewing  angles  for  the  14  mil  crack  in  Figure  4.5. 
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SINGLE  DATA  SAMPLE:  8.6  dB  S/N 


AVERAGE  OF  TO  SAMPLES:  18.6  dB  S/N 


AVERAGE  OF  25  SAMPLES:  21.3  dB  S/N 


FIGURE  5.0:  SIGNAL-TO-NOISE  RATIO  ENHANCEMENT 

OBTAINED  BY  SIGNAL  AVERAGING. 


To  determine  the  number  of  semples  that  would  normally  be  aver- 
aged while  recording  data,  a test  was  conducted  using  one  of  the 
smaller  cracks.  A series  of  averages  was  obtained  in  which  the 
number  of  samples  constituting  the  average  ranged  from  2 to  128, 
in  powers  of  2.  There  was  little  significant  improvement  in  the 
signal-to-noise  ratio  if  more  than  32  samples  were  averaged.  With 
32  samples,  the  noise  was  reduced  to  within  the  accuracy  of  the 
integer  averaging  in  the  transient  recorded  (which  uses  8 bits/word). 

5.6  TEST  DATA  LISTINGS 

During  Task  II,  a total  of  401  tests  was  recorded.  During  this 
task  other  pulses  were  recorded  in  the  transient  recorder  and 
displayed  on  an  oscilloscope.  These  pulses  were  not  processed  by 
the  Nova  minicomputer.  They  were  used  primarily  for  checking 
system  operating  parameters  to  insure  that  control  settings  were 
correct  and  that  their  pulses  were  not  distorted. 

A complete  listing  of  all  of  the  data  collected  appears  in  Appendix 
131  and  shows  the  tests  in  chronological  order.  Appendix  B2  has  been 
revised  to  include,  as  a group,  all  of  the  tests  conducted  on  each 
sample.  A combination  of  the  two  listings  permits  a rapid  determin- 
ation between  tests  performed  in  a particular  series  and  tests  that 
were  conducted  using  a particular  sample. 


5.7  REPRODUCIBILITY  OF  TEST  DATA 


Some  problems  were  encountered  in  obtaining  reproducible  test 
data.  The  reflected  signal  levels  tended  to  decrease  from  April 
through  August  1975.  There  was  also  a difference  in  signal  levels 
apparent  between  the  four  blocks  —I  that  were  used  for  a large  number 
of  preliminary  tests  with  their  fasteners  removed,  and  from  the 
remainder  of  the  test  samples.  Some  of  the  early  data  were  taken 
with  10  MHz.  70°  shear  wave  transducers. 


A number  of  tests  was  conducted  in  an  effort  to  determine  the 
exact  cause  of  the  decreased  signal  level.  Although  the  fatigue 
cracks  in  the  blocks  were  protected  by  washers  under  the  fastener, 
the  possibility  of  contaminants  entering  the  fatigue  crack  and 
reducing  reflectivity  was  considered.  An  effort  was  made  to 
remove  possible  contaminants  by  placing  each  block  in  vacuum, 
by  baking  it  at  a relatively  low  temperature  to  drive  off  any 
volatile  material,  and  by  a combination  of  vacuum  and  baking.  None 
of  these  processes  produced  any  significant  change  in  signal  am- 
plitude. 

Instrumentation  used  for  the  ultrasonic  tests  was  completely 
checked  by  comparing  the  performance  to  the  original  (manufacturer) 
specification.  In  all  cases,  electronic  instrumentation  performed 
in  complete  accordance  with  the  original  requirements. 

Transducers  were  obtained  and,  judging  by  the  serial  numbers, 
were  produced  from  the  same  batch  as  the  ones  that  had  been  used 
for  the  test.  A direct  comparison  of  two  transducers  (a  new  one 
and  the  one  used)  showed  no  significant  difference  in  performance. 
Although  (soft)  plastic  wedges  were  used  to  generate  the  shear  wave, 
the  aluminum  surface  was  subject  to  marking  by  the  constant  motion 
of  the  wedge.  Fasteners  were  removed  from  the  samples  and  the 
surface  refinished  using  very  fine  eraory  paper  on  a flat  surface. 
Although  some  increase  in  the  signal  amplitude  was  noted,  the 
signals  were  still  lower  than  obtained  earlier.  Finally  the  same 
transducer  that  had  previously  been  used  was  mounted  on  a 60°  wedge 
in  place  of  the  previously  used  70°  wedge  and  data  were  obtained 
although  the  signal  amplitudes  were  still  somewhat  low. 

Thus,  the  two  series  of  experimental  data,  Series  1 and  Series  2, 
have  significant  ampl itude  differences  as  shown  in  the  amplitude 
versus  time  waveform  plots  of  Appendix  C.  The  cause  for  the  decrease 
in  signal  amplitude  has  still  not  been  determined.  It  is  significant, 
however,  that  the  data  were  still  usable  for  determining  fatigue 
crack  size  even  though  amplitude  varied  considerably  with  time. 

(See  Section  6.6.) 
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6.  THEORETICAL  AND  PRACTICAL  CONSIDERATIONS  OF 


PULSE-ECHO  WAVEFORM  PREPROCESSING 

6.1  INTRODUCTION 

This  section  presents  a mathematical  description  of  the  reflection 
of  ultrasonic  signals  from  subsurface  fatigue  cracks  and  equations 
relating  the  crack  size  to  parameters  of  the  input 
signal.  A linear  systems  theory  approach  to  the  analysis  of  re- 
flected signals  from  subsurface  defects  is  discussed  in  Section 
6.2.  The  rationale  of  the  approach  was  not  to  derive  a complete 
set  of  analytical  closed-form  solutions  to  the  crack  detection 
problem;  rather,  it  served  as  a guide  to  the  general  preprocessing 
techniques  of  ultrasonic  waveforms.  These  preprocessing  techniques, 
with  their  theoretical  and  practical  limitations,  are  ou  , ined  .a 
Sections  6.3  through  6.7. 

Three  waveforms — power  spectrum,  power  cepstrum,  and  spatial  trans- 
form— were  computed  from  the  recorded  amplitude  versus  time  wave- 
forms. This  section  of  the  report  develops  the  mathematical  basis 
for  using  parameters  of  these  three  waveforms  as  key  descriptors  of 
crack  length  and,  hence,  as  inputs  to  the  ALN  crack  length  model. 

6.2  MATHEMATICAL  DEVELOPMENT 

The  recorded  pulse  echo  f(t)  of  the  return  signal  is  composed  of 
the  contributions  from  a number  of  systems  as  shown  in  Figure  6.1. 

If  all  the  intervening  systems  (i.e.,  the  transducer,  the  medium 
and  the  crack)  are  modeled  as  linear  systems  (Reference  4)  and  the 
return  echo  is  a convol ut ional  process,  the  return  signal  is 
written  as, 

f(t)  * p(t)*h(t)*m(t)*gfc(t)*m(t)*h(t)  (6.1) 

where  the  asterisk  denotes  the  convolution  operator.  Equation  6.1 
can  be  conveniently  written  in  the  frequency  domain  as 
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FIGURE  6.1:  LINEAR  SYSTEM  MODEL  OF  REFLECTION  FROM 

SUB-SURFACE  DEFECTS  (from  Ref.  4) 
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(6.2) 

where  the  upper  case  letters  indicate  (Fourier)  frequency  trans- 
forms of  the  individual  systems. 


F(f)  = P( f )H2( f)M2( f)G^( f) 


If  the  pulser  emits  a perfect  impulse  and  the  transducer  is 
sufficiently  broadband  to  pass  all  the  frequencies  of  the  pulser, 
and  if  the  medium  characteristics  do  not  change  from  one  subsurface 
crack  to  another,  the  return  pulse  echo  from  any  crack  is 

F(f)  = M2( f ) G£(f)  (6.3) 

where  M(f)  is  the  frequency  response  of  the  medium  and  G^(f) 
is  the  frequency  response  of  the  crack  (of  length  H) . 

In  other  words,  the  return  echo  can  be  modeled  validly  as  a linear 
function  of  the  crack  response  if  these  assumptions  are  true. 

Since  the  cracks  are  area-amplitude  reflectors,  the  larger  size 
cracks  should  produce  larger  reflections.  Furthermore,  all  fre- 
quencies incident  to  the  plane  of  the  crack  are  reflected  and 
received  in  phase  at  the  transducer.  Therefore,  the  return  echo 
should  be  solely  dependent  on  the  size  of  the  crack. 

The  assumptions  of  the  characteristics  of  the  transducer  and  the 
medium  are  too  stringent  to  be  realistic.  The  typical  frequency- 
response  of  a 10  MHz  transducer  would  cover  a bandwidth  of  approxi- 
mately 8 MHz.  Moreover,  the  frequency  response  of  transducers 
differ  even  though  they  may  be  identically  rated.  The  medium 
characteristics  may  also  vary  depending  on  the  structural  and  the 
metallurgical  properties  of  a local  region.  Hence,  for  either  or 
both  reasons,  the  response  (Equation  6.2)  will  be  altered  for  the 
same  crack  under  different  test  conditions.  On  the  other  hand,  one 
would  desire  the  response  of  a particular  size  crack  to  be  invari- 
ant, or  at  least  relatively  insensitive,  to  different  operating 
conditions. 
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A signal  preprocessing  procedure  was  devised  in  this  project 
to  cope  with  these  transducer  and  medium  variabilities.  It  is 
derived  as  follows. 


An  inverse  filtering  operation  can  be  performed  to  minimize  the 
effects  of  the  transducer  and  the  medium.  A reference  signal  can 
be  recorded  (similar  to  the  scheme  shown  in  Figure  6.1)  by  replacing 
the  crack  by  a point  source  defect  which  has  an  all -pass  character- 
istic. Therefore,  Rp(f)  is  recorded  which  is,  from  Equation  6.2, 

Rn(f)  = P(f)  H2(f)  M2 ( f ) (6.4) 

The  point  source  defect  has  unity  response  at  all  frequencies,  and 
hence  G^(f)  does  not  appear  explicitly  in  Equation  6.4.  Deconvolving 
Equation  6.4  from  Equation  6.2,  which  is  division  in  the  frequency 
domain,  gives 

Fd">  ■ 1%  ■ vf)  <6-5> 

p 

That  is,  the  recorded  and  deconvolved  signal  is  characteristic  solely 
of  the  crack. 

If  the  reference  signal  is  not  obtained  from  a point  source  defect 
but  from  a standard  size  crack,  R_(f)  can  be  modeled  as 

o 

R„( f ) = P(f )H2(f )M2(f )G  (f ) (6.6) 

9 O 

where  Gg(f)  is  the  frequency  response  of  the  standard  size  defect. 


Deconvolving  Equation  6.6  from  Equation  6.2: 


Fd(f) 


rm. 

On 


G.(f) 

<rm 


(6.7) 


where  the  deconvolved  signal,  although  stripped  of  medium  and 
transducer  effects,  still  has  the  standard  size  defect  character- 
istics imbedded  within  it. 
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The  crack  characteristics  can  still  be  exclusively  extracted 
by  homomorphic  filtering  procedures  (Ref.  10)  which  convert  a 
nonlinear  operation  such  as  multiplication  or  division  into  one 
of  addition  or  subtraction.  Specifically,  the  logarithm  of  both 
sides  of  Equation  6.7  is  taken: 

log{Fd(f)}  = log{Ga(f)J-  1 og { Gg ( f ) } (6.8) 

and  Equation  6.8  is  rewritten  as 

Fd(f)  = G«,(f)“  Gs(f)  (6.9) 

where  the  primes  indicate  the  log  of  the  frequency  transforms. 

By  the  principle  of  linearity,  the  inverse  transform  of 
Equation  6.9  is 

f^(t)  = g£(t)  - g^(t)  (6.10) 

and  the  deconvolved  signal  in  the  time  domain  f t ) is  a linear 
algebraic  combination  of  the  crack  response  and  a standard  size 
defect  which  do»s  not  vary  from  one  crack  to  another.  The  signal 
f^(t)  is  called  the  cepstrum  of  Fd(f).  In  other  words,  the 
cepstral  transform  converts  a nonlinear  operation  in  the 
frequency  domain  (Equation  6.7)  to  a linear  operation  in  the  time 
domain  (Equation  6.10). 

Therefore,  in  summary,  an  ultrasonic  signal  from  a subsurface 
defect  can  be  modeled  approximately  as  a linear  system  (under  given 
assumptions)  which  consists  of  the  transducer,  medium,  and  the 
defect  characteristics.  To  analyze  the  crack  characteristics,  one 
resorts  to  an  inverse  filtering  operation  to  strip  the  medium  and 
transducer  effects  from  the  recorded  signal.  In  the  case  where  a 
reference  signal  is  not  recorded  from  a point  source  defect,  an 
inverse  filtering  operation  can  still  be  carried  out  by  homomorphic 
techniques,  which  reduce  a nonlinear  operation  such  as  multiplication 
of  waveforms  to  a linear  operation. 
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6.3  DECONVOLUTION  OF  PULSE  ECHO  SIGNALS 


The  six  circularly  scanned  signals  and  the  reference  signal , des- 
cribed in  Section  4.4,  comprised  a set  of  seven  waveforms  for  a 
particular  crack.  Each  of  the  six  scanned  signals  consisted  of 
20.48  microseconds  of  data,  sampled  at  10  nanoseconds  per  point. 

The  distance  between  the  outer  rim  of  the  fastener  hole  and  the 
transducer  was  known  exactly,  so  the  time  of  arrival  of  the  reflec- 
tion from  it  could  be  estimated  accurately.  The  arrival  time  did 
not  vary  with  changes  in  viewing  angle  or  in  crack  size  because  the 
distance  between  the  transducer  and  the  fastener  hole  was  fixed. 

However,  as  explained  above,  the  arrival  time  of  the  crack  reflec- 
tion changes  with  both  viewing  angle  and  crack  size.  As  the  viewing 
angle  increases,  the  crack  response  tends  to  "creep  up"  on  the  hole 
response  because  one  edge  of  the  crack  is  encountered  sooner  than 
the  other  (Figure  4.2).  If  the  crack  size  is  smaller,  the  time  dura- 
tion of  the  crack  response  is  lessened.  Therefore,  for  either  or 
both  reasons,  the  time  of  arrival  of  the  crack  response  could  not  be 
accurately  estimated.  It  was  thereby  decided  to  use  a data  window 
that  included  both  the  hole  and  crack  response  for  analysis.  A 512- 
point  window,  containing  the  two  responses,  was  isolated  from  the 
2,048-point  sampled  signal  for  each  of  the  six  circularly  scanned 
signals  per  specimen.  The  time  axis  location  of  the  data  window  was 
established  via  visual  examination  of  the  data  base. 

The  data  window  for  the  seventh,  or  reference  signal,  in  each  set 
of  readings  was  recorded  in  the  same  way  as  the  other  six  signals. 

The  transducer  was  positioned  away  from  the  crack  region  of  the  hole. 
This  signal  consisted  of  the  hole  response  alone  and  it  occurred  at 
the  same  instant  that  the  hole  response  was  observed  in  the  other 
six  signals.  The  reference  signal  is  thus  a function  of  the  character- 
istics of  the  medium,  the  transducer,  and  a standard  sized  "defect"-- 
the  fastener  hole  in  this  case.  From  the  theoretical  development  of 
Section  6.2,  the  reference  signal  can  be  used,  in  principle,  to  decon- 
volve the  six  circularly  scanned  signals  in  order  to  minimize  medium 
and  transducer  effects. 
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Unfortunately,  because  all  transducers  are  band-limited,  Equation 
6.7  cannot  be  fully  realized.  In  practice,  the  only  true  fre- 
quencies in  the  deconvolved  signal  are  resident  in  a limited  band. 

The  transducer  was  rated  for  10  MHz  with  3db  cut-off  frequencies 
at  6 and  14  MHz,  so  the  data  collected  for  the  reference 
and  the  crack  signal  were  also  band-limited.  Furthermore,  the  process 
of  deconvolution  introduces  spurious  frequencies  beyond  the  3db 
range  of  the  transducer  (due  to  dividing  small  numbers  by  other 
small  numbers)  and  these  had  to  be  suppressed.  The  spurious  fre- 
quencies were  suppressed  by  filtering  the  deconvolved  signal 
through  a Gaussian  band-pass  filter,  which  had  a sharp  cut-off  at 
the  3db  frequencies.  The  advantage  of  using  the  Gaussian  filter 
rather  than  the  standard  box  filter  is  that,  in  the  time  domain,  the 
(S'*  tail  of  the  former  has  fewer  side  lobes  than  does  the  latter. 

Figure  6.2  outlines  the  sequence  of  operations  to  obtain  the 
I deconvolved  signal  for  each  of  the  six  angular  positions  of  the 

transducer.  Figure  6.3  shows  the  resultant  signals  obtained,  at 
each  step  in  Figure  6.2,  for  a 279  mil  crack  viewed  normal  to  the 
plane  of  the  crack.  The  signal  obtained  after  deconvolution 
(Figure  6.3(e))  has  an  all-pass  characteristic  in  the  frequency 
domain  with  the  relevant  information  contained  in  the  6-14  MHz 
band  (Figure  6.3(f)).  After  bandpass  filtering,  the  deconvolved 
time  waveform  is  plotted  (Figure  6.3(g))  and,  not  surprisingly, 
the  most  prevalent  frequencies  are  between  6-14  MHz,  with  a pre- 
dominance around  10  MHz. 

If  the  transducer  were  indeed  not  band-limited,  the  deconvolved 
time  signal  should  have  an  impulse  at  about  the  instant  when  the 
hole  response  is  observed  and  another  set  of  impulses  where  the 
crack  begins  and  terminates.  The  time  between  the  latter  two 
impulses  is  indicative  of  the  length  of  the  crack  relative  to  the 
viewing  angle  of  the  transducer.  However,  because  the  transducer 
is  band-limited,  its  convolution  with  the  impulses  produces  the 
"ringing”  effect  as  shown.  The  approximate  positions  of  the 
impulses  are  indicated  by  arrows  in  Figure  6.3(g). 
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FIGURE  6.3:  DECONVOLUTION  OF  279  MIL  CRACK  (VIEWED  AT  0°) 

FROM  A REFERENCE  SIGNAL. 


Although  deconvolution  is  helpful  in  minimizing  transducer  and 
medium  effects,  the  bandwidth  limitation  of  the  transducer  is 
inescapable.  The  deconvolved  time  signal  still  contains  some 
global  transducer  characteristics  such  as  the  center  frequency 
of  10  MHz,  so  a different  transducer  with  a different  rating 
(say  5 MHz),  would  result  in  a different  resultant  signal. 

However,  the  variations  of  different  10  MHz  transducer  frequency 
spectra  have  been  minimized.  Consequently,  after  a given  center 
frequency  transducer  family  has  been  chosen,  such  as  10  MHz,  the 
deconvolution  process  is  helpful  in  minimizing  the  effects  of  the 
external  medium  and  transducer  variations. 

6.4  CEPSTRAL  ANALYSIS 

Section  6.3  discussed  the  ramifications  of  deconvolution  and  the 
bandwidth  of  the  transducer  with  respect  to  the  resultant  crack 
signal.  It  was  also  observed  that  the  peaks  in  the  deconvolved 
time  signal  were  indicative  of  the  length  of  the  crack  for  a cer- 
tain transducer  viewing  angle.  However,  because  of  the 
bandwidth  of  the  transducer,  the  peaks  were  "smudged”  and  a ringing 
effect  was  produced  as  shown  in  Figure  6.3. 

It  would  be  desirable  to  minimize  the  characteristics  of  the 
bandpass  filter  and  also  to  emphasize  the  peaks  in  the  deconvolved 
time  signal.  To  accomplish  this,  a cepstral  analysis  was  performed 
on  the  deconvolved  time  signal. 

6,4.1  Advantages  of  Using  the  Cepstrum 

The  cepstrum  is  defined  as  the  inverse  Fourier  transform  of  the 
logarithm  of  the  power  spectrum.  Referring  to  Figure  6.2,  the 
bandpassed,  deconvolved  power  spectrum  X(f)  is 

X(f)  = Fd(f)B(f)  (6.11) 

where  Fd(f)  is  the  deconvolved  power  spectrum  of  the  crack  signal, 
and  B(f)  is  the  spectrum  of  the  bandpass  filter.  Taking  the  log  of 


Equation  6.11  (as  was  done  for  Equation  6.8)  reduces  it  to 
an  additive  process,  i.e., 

log(x( f ) } - log{Fd(f)}  + loglB(f)}  (6.12) 


or 

x'(f)  =Fd(f)  + B ' ( f ) (6.13) 

where  the  primes  indicate  the  log  transform  of  the  respective 
frequency  response. 

By  taking  the  inverse  Fourier  transform  of  the  left  hand  side  of 
Equation  6.13,  and  using  the  principle  of  linearity,  the  time 
response  is 

x (t)  = fd(t)  + b (t)  (6.14) 

where  the  lower  case  letters  are  the  individual  inverse  Fourier 
transforms.  In  other  words,  the  cepstrum  of  X(f)  is  a sum  of  the 
cepstra  of  Fd(f),  which  is  a characteristic  of  the  crack  and 
the  viewing  angle,  and  of  B(f),  which  is  a characteristic  of 
the  bandpass  filter,  and  does  not  change  from  one  experiment  to 
another. 

The  signal  f .(t)  is  not  used  alone  because  it  is  noise  prone  beyond 
^ » 
the  3 db  frequencies  of  the  transducer.  The  filter  response  b (t) 

has  the  effect  of  suppressing  these  frequencies  and  still  retaining 

t 

the  linear  relationship  between  the  resultant  signal,  x (t),  and 
the  deconvolved  signal,  fd(t). 

* 

Therefore  the  cepstral  signal  fd(t)  bears  important  information 
about  the  crack  length  and  the  viewing  angle. 

6.4.2  Detection  of  Time  Delayed  Events 


The  cepstrum  has  historically  been  used  to  detect  echoes  in  radar  and 
sonar  signal  systems.  For  this  project,  the  crack  response  signal  is 


composed  of  the  response  from  the  hole  and  the  crack.  Ideally, 

it  should  consist  of  three  impulses  as  shown  in  Figure  6.4(a),  where 

t.,  t.,  and  t indicate  the  instant  of  occurence  of  the  reflections 
n d e 

from  the  hole,  the  beginning  of  the  crack  and  the  end  of  the  crack, 
respectively.  The  time  t^  is  independent  of  the  size  of  the  crack, 
whereas  t^  and  t change  with  transducer  viewing  angle  and  crack 
size. 

The  crack  response  to  a band-limited  signal  would  resemble  Figure 
6.4(b),  and  has  the  effect  of  "smudging"  the  impulses.  The  narrower 
the  bandwidth  of  the  transducer,  the  broader  the  smudging.  Never- 
theless, the  same  phenomenon  is  manifest  at  t^,  t^,  and  t . After 
computing  the  cepstrum  of  the  response  of  Figure  6.4(b),  peaks  are 
manifest  clearly  at  instant  t. -t.  , t -t,  and  t -t.  as  shown  in 
Figure  6.4(c),  and  they  are  functions  of  crack  length  and  viewing 
angle.  As  the  transducer  viewing  angle  is  varied,  t^  begins  to 

creep  up  on  t.  , which  remains  fixed,  and  t remains  approximately 
n 6 

the  same.  If  the  crack  size  were  different,  t,  and  t would  be 

b e 

different;  for  smaller  cracks  t.  and  t would  decrease. 

b e 

Therefore,  the  positions  of  the  peaks  in  the  cepstrum  are  indi- 
cative of  the  size  of  the  crack  and  the  viewing  angle  of  the  trans- 
ducer. Since  the  viewing  angie  is  known,  the  crack  size  is  thus 
potentially  inferable. 

Unfortunately,  in  the  actual  physical  environment,  the  resolution 
of  the  cepstral  peaks  is  not  very  clear  due  to  three  main  factors: 

(1)  The  system  is  not  linear. 

(2)  There  are  multipath  reflections  which  have  not  been 
treated  in  the  analysis. 

(3)  The  limited  bandwidth  of  the  transducer  has  the  effect 
of  smudging  the  peaks  in  the  deconvolved  time  signal. 

Figure  6.5  shows  the  deconvolved  time  signal  for  a 279  mil  crack 
viewed  at  0°.  The  corresponding  power  spectrum  and  the  cepstrum 
are  shown  in  Figures  6.5(b)  and  6.5(c).  The  most  probable  location 
of  th.  tb,  and  t are  0.25,  2.25,  and  3.25  microseconds,  respectively, 
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and  are  shown  by  arrows  in  Figure  6.5(a).  The  impulses,  as  should  be 

expected,  are  really  sampling  functions  (i.e.,  sin  x/x)  because  of  the 

finite  bandwidth  of  the  transducer.  The  cepstrum  should  reveal  peaks 

around  the  various  time  differences  t -t,  , t,  -t,,  and  t -t.  . i.e.,  1. 

e b b h’  eh 

2,  and  3 microseconds.  At  the  corresponding  points  in  the  cepstrum, 
local  maxima  can  be  observed  (arrows)  in  Figure  6.5(c).  However, 
the  peaks  are  not  clearly  resolved,  and  once  again,  a statistical 
procedure  of  counting  the  peaks  in  certain  bands  of  the  cepstrum 
must  be  employed.  This  procedure  is  described  in  the  parameteriza- 
tion procedures  in  Section  7. 

The  major  revelation  of  the  data  of  Figure  6.5  is  that  the  physical 
environment  — transducer,  medium  and  other  geometrical  factors  in 
the  defect  zone  — will  make  correlations  between  simple  waveform 
features  (such  as  a peak)  and  defect  size  nearly  impossible  to  find. 
Instead,  in  almost  all  NDE  applications,  effort  should  be  spent  in 
using  theoretical  analyses  such  as  that  above  as  a guide  to  methods 
for  signal  preprocessing  steps,  and  then  using  parameters  computed 
from  these  steps  in  linear  and  nonlinear  combinations  to  infer 
defect  characteristics. 

6.5  THF.  SPATIAL  TRANSFORM 

6.5.1  Theoretical  Considerat ions 

The  deconvolved  crack  response  discussed  in  Section  6.3  was  helpful 
in  analyzing  the  characteristics  of  the  crack,  stripped  of  medium 
and  transducer  characteristics.  However,  for  a particular  crack, 
its  response  will  change  with  different  viewing  angles  of  the  trans- 
ducer. In  other  words,  a family  of  crack  responses  in  time  was 
available  — each  member  of  the  family  corresponding  to  a particular 
viewing  angle.  Thus  the  crack  response  was  sampled  both  in  time 
(512  points  at  10  nanoseconds/point)  and  space  (six  viewing  angles 
from  0 to  27.5°,  in  5.5°  increments).  Time  and  space  represent  two 
independent  bases  to  evaluate  the  crack  characteristics.  As  explained 
above,  there  were  changes  in  the  time  response  due  to  changes  in  the 


viewing  angle  (i.e.,  interference  effects).  The  next  step  was  to 
establish  a procedure  that  unified  the  variations  in  time  and  space 
in  order  to  deduce  a global  description  of  the  characteristics  of 
the  crack. 


The  following  analysis  shows  that  a spatial  transform  can  be  defined 
to  describe  crack  characteristics  in  time  as  well  as  space.  Its 
practical  use  and  limitations  are  also  discussed. 

Consider  a planar  crack  of  length  io  which  is  ultrasonically  illumi- 
nated by  a transducer  at  a fixed  distance  from  the  center  of  the 
fastener  hole  (Figure  4.4).  The  main  wavefront  emanating  from 
the  transducer  is  at  an  angle  0 with  respect  to  the  normal  to  the 
crack  plane. 


The  excess  distance  needed  for  an  ultrasonic  wave  of  wavelenth  X 
to  travel  to  B relative  to  A,  is  2£osin0,  and  the  phase  shift,  , 
at  the  transducer  relative  to  a frequency  f is 


<M  f , *G.  9) 
where  c is  the 


4t sin0  ( 4 tt Jl  sin0)f 
= o = o 

X c 

ultrasonic  shear  wave  velocity 


(6.15) 

in  the  material. 


If  the  transducer  has  an  impulse  response  A( f )exp( jy f ) at  frequency 
f,  the  return  signal  from  the  crack  can  be  described  as 

R(?)  = k A(f)exp{j(yf  +<Kf,£o,0)}  (6.16) 

where  k,  a fraction,  is  the  reflectance  coefficient  and  it  is  a 
property  of  the  material;  and  $(f,&o,0)  is  defined  in  Equation 
6.15.  Dividing  Equation  6.16  by  the  impulse  response  of  the 
transducer,  the  deconvolved  response  is  obtained  as 

D(f)  - k exp{j<O(f,£o,0)}  (6.17) 
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A spatial  variable, 0,  can  be  defined  as: 


ft  = I'H-fsine  (6.18) 

which  has  units  of  inverse  length  (i.e.,  l/£).  Therefore, 

Equation  6.17  becomes 

D(ft ) = k exp(jftZQ)  (6.19) 

If  the  transducer  has  frequencies,  f,  extending  from  0 to  “, 
then  ft  has  the  same  range  (from  Equation  6.18)  and  D(ft)  is  defined 
as  in  Equation  6.19  but  with 

D(  ft  ) = k exp(j  JU0).  0 < ft  < °°  , (6.20) 


which  is  a sinusoidal  function  of  ft  with  frequency  l . 

o 


The  inverse 

Fourier  transform  of 

D(ft) , defined  as 

S(  X.) , is  : 

S(J l)  = 

l 

D(ft ) exp(-jftil)dft 

, (0  < *.  < <=») 

(6.21) 

= 

k 

£ exp(jft£o)  exp(- 

- jftH)dft 

(6.22) 

= 

k 

«(*•-*  ) 
o 

(6.23) 

which  is  an  impulse  of  height  k,  at  l = SLq  in  the  l-space. 

Therefore,  in  theory,  the  complex  frequency  spectrum  at  any 
particular  viewing  angle  can  be  deconvolved  from  the  complex 
frequency  spectrum  at  0°  viewing  angle  and,  by  an  appropriate 
transformation  into  the  ft-space,  the  deconvolved  spectrum  in  the 
ft-space  can  be  inverse  transformed  to  reveal  an  impulse  in  the 
fc-space  at  lQ,  the  crack  length. 

The  function  S (fc)  is  defined  to  be  the  spatial  transform  and  it 
consists  of  an  impulse  at  in  the  i-space.  Notice  that  ft  can  be 
varied  by  either  changing  the  frequency  f or  the  angle  0,  or  both. 
Hence,  the  term  "spatial  transform"  is  used  to  denote  the  function  S. 
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6.5.2  Practical  Considerations 


The  fatigue  crack  experimental  apparatus  consisted  of  collecting 
the  reflected  time  signal  from  a crack  at  six  viewing  angles, 
including  the  normal  position  (0  = 0°)  as  described  in  Section  5. 
The  complex  Fourier  transform  at  each  viewing  angle  was  band- 
limited  both  in  the  frequency  f,  because  of  the  transducer  limita- 
tions, and  consequently  in  the  spatial  frequency,  (Equation  6.18) 

One  can  still  compute  a band-limited  spatial  transform  S(£)  but, 
unfortunately,  even  though  the  frequency  sampling  f is  equally 
spaced,  the  sampling  in  the  ft-space  is  uneven  because  of  the  non- 
linear transformation  of  frequency  f and  of  angle  0 in  Equation 
6.18.  However,  a family  of  spatial  transforms  can  still  be  derived 
for  each  viewing  angle  0 — each  one  having  a bandwidth  in  the  ft- 
space  which  is  a function  of:  (1)  the  viewing  angle,  and  (2)  the 
frequency  bandwidth  of  the  transducer. 

Because  of  the  finite  sampling  interval  in  the  time  domain  (10  nano 
seconds)  and  because  of  the  finite  length  of  the  complex  transform 
in  the  f-domain,  the  sampling  interval  dft(0)  in  the  ft-space  is 
f inite : 

dfl(0)  = 4jrs^n0  df  (6.24) 

and  it  increases  with  0.  Consequently,  by  the  Nyquist  criteria, 
the  largest  crack  which  can  be  detected  by  the  spatial  transform 
S(£)  in  the  fc-space  varies  inversely  with  0;  the  larger  the 
viewing  angle  0,  the  smaller  the  maximum  crack  length  that  can  be 
detected. 
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Table  6.1  shows  the  maximum  and  minimum  values  in  the  O-space  and 
the  corresponding  maximum  and  minimum  values  in  the  £-space  for  the 
six  viewing  angles.  The  frequency  bandwidth  of  the  transducer 
lies  between  6-14  MHz;  the  sampling  interval  is  10  nanoseconds  in 
the  time  domain  with  a frequency  resolution  of  0.195  MHz.  The 
approximate  velocity  of  an  ultrasonic  shear  wave  in  aluminum  is 
3200  meters/second.  The  lowest  and  highest  spatial  frequencies, 

0^  and  0^  in  columns  3 and  4, are  computed  by  substituting  the  lowest 
and  highest  frequencies,  f^  and  fh>  into  Equation  6.18. 

The  0=0°  position  is  used  as  the  deconvolution  signal  as  per 
Equation  6.17  because  the  relative  phase  shift  <P(f,l,0)  is  zero  at 
all  frequencies. 

6.5.3  Limitation  Due  to  Spatial  Sampling 

It  is  clear  from  Table  6.1  that  the  largest  crack  which  can  be 
resolved  is  268  mils  when  the  transducer  is  at  the  5.5°  position. 
The  maximum  detectable  crack  progressively  becomes  smaller  as  the 
transducer  is  moved  from  0°  to  27.5°.  At  27.5°,  the  largest  crack 
which  can  be  resolved  is  55.6  mils.  Therefore,  many  of  the  larger 
cracks  (279  mils,  192  mils,  etc.)  are  too  infrequently  sampled  in 
the  (1-space  to  be  detected  in  the  H-space. 

However,  one  can  imagine  the  inverse  problem  — knowing  the  loca- 
tion of  the  impulse  in  the  Jl-space  (i.e.,  the  size  of  the  crack), 
can  it  be  predicted  where  the  impulse  will  occur  if  it  is  insuf- 
ficiently sampled  in  the  £l-space?  The  answer  is  yes,  because  an 
aliased  version  of  the  impulse  will  appear  in  the  low  frequency 
range  of  the  fc-space,  and  its  location  can  be  computed  exactly 
from  the  Nyquist  sampling  theorem.  In  fact,  the  crack  can  be  as 
large  as  possible,  and  it  will  still  appear  in  the  limited  range 
of  S(Jl)  — only  the  number  of  ''fold-overs'1  has  to  be  computed 
to  determine  its  exact  location  in  the  i-space. 
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TABLE  6.1 

MAXIMUM  AND  MINIMUM  SPATIAL  FREQUENCIES  AND 
THE  MAXIMUM  AND  MINIMUM  CRACK  LENGTHS  WHICH 
CAN  BE  RESOLVED  AT  EACH  VIEWING  ANGLE 


Angle 


Spatial  Frequency 


Sin  0 ' Lowest  (0^) 


Highest  (o  ) 
n 


Spatial 

Sampling 

Rate 

dn 


Crack  Length 
Resolution  (Mils)! 


Lowest  Highest 
l/nh-S^  I l/2dQ 


INDETERMINATE 


5.5  0.0958  I 0.0574 


0.1338 


0.0019 


13.075 


268.0 


llu  0.1908 


0.1142 


0.2665 


0.0039 


6.6 


134.7 


16.5  0.2840  0.1700 


22.0  0.3746 


0.2242 


0.3966 


0.0055 


4.41 


0.5231 


0.0073 


3.3 


90.5 

68.6 


27.5  0.4617 


0.2763  I 0.6448 


0.0090 


2.7 


55.6 


Figure  6.6  illustrates  the  problem  when  a sinusoidal  function  in  the 
O-space  is  insufficiently  sampled.  Figure  6.6(a)  shows  the  high 
frequency  wave  D(ft)  in  the  fi  domain,  which  extends  from  0 to  .04 
per  mil.  The  period  of  the  wave  is  .0035/mil  which  corresponds  to 
a frequency  of  285.7  mils.  This  wave  is  sampled  at  .003/mil  which 
is  less  than  twice  this  frequency.  The  sampled  wave,  shown  as 
a bold  line  in  Figure  6.6(a),  has  a period  of  .023/mil,  which  is  a 
frequency  of  43.5  mils.  The  spatial  transforms  of  the  actual  wave 
and  the  sampled  wave  are  shown  in  Figure  6.6(b).  The  former  is  an 
impulse  at  285  mils  and  the  latter  — the  aliased  impulse  --  is  at 
43.5  mils.  The  largest  crack  which  can  be  detected  is  half  the 
sampling  rate,  i.e.,  166.7  mils.  The  aliased  impulse  at  43.5  mils 
is  a mirror  image  of  the  actual  impulse  at  285  mils  with  166.7  mils 
as  the  center,  i.e.,  285-166.7  = 166.7-43.5.  In  other  words,  if 

one  knew  a priori  that  the  crack  is  larger  than  166.7  mils,  the 
aliased  impulse  can  be  correctly  interpreted  as  the  true  impulse 
simply  by  folding  it  over  the  Nyquist  frequency  (167  mils)  in  the 
fc-space . 

Therefore,  the  existence  of  an  impulse  in  any  one  of  the  spatial 
transform  curves  is  assured, and  one  needs  only  to  interpret  its 
location  correctly  regarding  whether  it  is  a true  or  an  aliased 
version  of  the  impulse,  depending  on  whether  the  crack  size  is 
within  or  without  the  range  of  the  sampled  Jl-space. 

The  a priori  estimate  of  the  true  crack  length  can  be  very  coarse. 
For  example,  for  a viewing  angle  of  5.5°,  a true  300  mil  crack 
will  appear  as  an  aliased  impulse  at  236  mils  in  its  spatial  trans- 
form S(£),  because  268-236  = 300-268.  If  the  crack  length  were 
known  a priori  to  lie  between  268  mils  and  536  mils  (range  of  -12 
percent  to  +79  percent  in  error),  the  impulse  could  be  accurately 
interpreted  because  the  correct  harmonic  cycle  is  exactly  known. 

Therefore,  in  spite  of  the  Nyquist  sampling  restriction  in  the 
0-space,  in  theory  any  crack  can  be  detected  as  long  as  an  a priori 
estimate  of  the  true  crack  length  is  available . Additionally,  the 
estimate  need  not  be  very  accurate;  it  can  be  in  error  up  to  70  to 
80  percent  of  the  true  crack  length. 
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FIGURE  6.6:  ILLUSTRATION  OF  HIGH  FREQUENCY  IMPERSONATING  A LOW  FREQUENCY 


6.5.4  Bandwidth  Limitation  of  the  Transducer  and  Other  Practical 


Considerations 


There  are  four  main  reasons  why  the  spatial  transform  S(£) 
(Equation  6.23)  in  the  H-space  will  not  be  an  impulse: 

(1)  The  fatigue  crack  is  not  a perfect  reflector  and 
multipath  reflections  cannot  be  precluded. 

(2)  The  deconvolution  step  (Equation  6.7)  is  a noise- 
inducing  process. 

(3)  The  0°  viewing  angle  is  used  to  deconvolve  the  other 
five  signals  in  the  deconvolution  step  (Equation  6.17); 
all  frequencies  might  not  be  reflected  in  phase  for 
the  0°  signal . 

(4)  In  the  discrete  £-space  an  impulse  function  is 
manifest  as  a sampling  function  (sin  x/x  type); 

the  aliasing  of  a function  other  than  an  impulse  is 
more  complicated. 


For  all  of  these  reasons,  an  impulse  distribution  will  be 
obtained  rather  than  a single  impulse  in  the  £-space  for  each 
fatigue  crack.  Therefore,  a stat istic  of  the  spatial  transform 
curve  is  computed.  The  closest  statistical  approximation  to  the 
location  of  an  impulse  is  the  expected  value  of  the  spatial 
transform  curve. 

Therefore,  to  use  this  technique,  one  constructs  the  spatial 
transform  as  in  Equation  6.21,  but  in  the  discrete  domain.  A coarse 
estimate  of  the  true-crack  length  is  needed  to  determine  if  the 
spatial  transform  S(£.)  curve  contains  aliased  frequencies  in  the  £- 
space.  The  estimate  is  further  used  to  compute  the  number  of  fold- 
overs  of  the  spatial  transform  curve,  and  then  its  expected  value 
is  computed  to  be  an  estimate  of  the  crack  length. 
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6.6  SUMMARY  AND  DISCUSSION 

The  material  in  this  section  has  dealt  with  both  the  theoretical 
and  practical  aspects  of  ultrasonic  NDE  signal  processing.  Under 
certain  assumptions,  the  magnitude  of  the  reflected  signal  and 
its  energy  content  are  directly  correlated  with  the  length  of  the 
crack  (Equation  6.3).  The  deconvolution  of  the  reflected  signal 
from  a reference  signal  was  introduced  to  render  the  signal 
analyses  relatively  invariant  under  different  transducers  and  media 
conditions  (Equation  6.5).  In  fact,  previous  work  in  the  crack 
detection  problem  has  hinged  on  the  amplitude  variations  of  the 
reflection  signal  to  indicate  the  size  of  the  crack.  The  theor- 
etical analysis  in  Section  6.2  leads  to  the  same  conclusion  — 
the  total  amount  of  reflected  energy  is  directly  correlated  to  the 
length  of  the  crack  (Equation  6.5).  This  is  not  the  case  in  practice, 
however. 

Figure  6.7  is  a plot  of  the  total  energy  in  the  reflected  signal, 
after  deconvolution,  versus  the  crack  length.  Although  there  is 
a trend  --  larger  cracks  tend  to  have  larger  amounts  of  reflected 
energy  — in  no  way  can  it  be  described  as  linear,  i.e., 
monotonic. 

Moreover,  by  changing  the  test  conditions  of  Series  1 via  changing 
the  transducer  wedge  angle,  the  Series  2 trend  is  entirely  different 
(a  dotted  line  in  Figure  6.7).  So  for  example,  a 54  mil  crack  in 
Series  2 resembles  a 27  mil  crack  in  Series  1,  and  a 93  mil  crack 
in  Series  1 appears  larger  than  a 279  mil  crack  in  Series  2,  based 
on  total  spectral  energy.  The  assumption  of  linearity  is  clearly 
insufficient  in  resolving  crack  sizes  with  any  degree  of  accuracy. 

The  peaks  and  shape  of  the  cepstrum  were  shown  to  yield  important 
information  about  crack  size,  although  the  detection  of  the  cepstral 
peaks  must  be  resolved  by  a statistical  procedure. 
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The  spatial  transform  technique  that  was  investigated  is  a means 
by  which  both  the  time  variation  in  the  reflected  signal  and  the 
transducer  viewing  angle  can  be  unified  in  a spatial  transform 
to  reveal  an  impulse  in  the  spatial  domain  such  that  its  location 
in  the  fc-space  corresponds  to  the  crack  length  (Equation  6.21). 

The  inability  of  detecting  the  spatial  impulse  due  to  insufficient 
spatial  sampling  was  discussed  in  Sections  6.5.3  and  6.5.4. 

In  conclusion,  the  signal  processing  techniques  presented  in  this 
section  are  not  in  themselves  capable  of  resolving  the  crack  size. 
However,  the  parameters  of  such  signals  ought  to  be  key  indicators 
of  the  crack  size,  although  the  analytic  relationship  between  them  is 
unknown.  (The  total  deconvolved  energy  is  an  indicator  of  crack 
size,  for  example,  although  by  itself  crack  length  cannot  be  resolved 
with  any  accuracy;  Figure  6.7.)  The  conclusion  is  that  an  empiri- 
cal relationship  must  be  established  that  models  crack  size  as  a 
function  of  statistically  distributed  inputs.  As  such,  these 
signal  processing  techniques  serve  not  as  ends  in  themselves,  but 
as  major  signal  preprocessing  steps. 


7.  PULSE  ECHO  WAVEFORM  PARAMETERIZATION 


i 

Based  on  the  developments  presented  in  Section  6,  the  following 
parameters  were  computed  as  candidate  inputs  to  the  Adaptive 
Learning  Network  (ALN)  model. 


The  parameters  extracted  from  the  power  spectrum  consisted  of  the 
relative  power  in  1 MHz  bands  between  6 to  14  MHz,  and  the  total 
power  in  the  6-14  MHz  band.  The  relative  power  in  a particular 
1 MHz  band  is  defined  as  the  ratio  between  the  actual  power  in  that 
band  and  the  total  power  in  the  6-14  MHz  band.  The  power  spectra 
of  small  cracks  have  larger  high  frequency  content  than  do  large 
cracks,  due  to  the  interaction  of  small  wavelengths  with  small 
cracks,  so  the  ratio  of  high  frequency  power  to  low  frequency  power 
should  be  high  for  small  cracks  and  low  for  large  cracks.  The  rela- 
tive power  parameters  should  reflect  this  trend. 

One  additional  "spatial”  parameter  was  computed  from  the  power 
spectrum  and  it  relates  to  the  discussion  in  Section  6.5.  The 
expected  value  of  the  spatial  transform  was  found  to  be  an  indi- 
cator of  the  crack  size  (Section  6.5.4)  and  it  is  a linear 
transformation  of  the  power  spectrum  divided  by  the  bandwidth  of 
the  spatial  frequency.  This  ratio,  in  turn,  is  proportional  to 
the  transducer  bandwidth,  the  viewing  angle,  and  the  velocity  of 
ultrasound  in  the  material  (Equation  6.18).  This  parameter 
was  computed  by  dividing  the  total  power  in  the  6-14  MHz  band 
by  the  spatial  bandwidth,  12^  - 0^ . 

Thus,  there  were  a total  of  10  parameters  from  the  power  spectrum 
— eight  relative  powers  in  1 MHz  band  from  6-14  MHz.  the  total 
power  in  the  6-14  MHz  band,  and  the  average  spatial  power. 

The  cepstral  waveform  was  parameterized  to  reflect  both  its 
shape  and  peak  distribution  because  both  are  informative  of  crack 
size  geometry  (Section  6.4).  The  abscissa  of  the  cepstrum  has 
the  units  of  time,  although  it  is  termed  "quefrency,"  and  the 


locations  of  the  peaks  along  the  abscissa  are  the  relevant 
time  delays  (i.e.,  phase  information).  These  are  a function 
of  the  viewing  angle  and  the  crack  geometry  (Section  6.5). 

It  was  decided  that  time  delays  (peaks)  which  were  manifest 
beyond  half  the  window  length  (of  5.12  microseconds)  were  arti- 
factual.  This  was  so  because  a time  delay  of  1 nanosecond 
corresponded  to  a crack  length  of  0.126  mils,  and  therefore  a 
delay  of  2.5  microseconds  corresponded  to  315  mils  — which  was 
greater  than  the  largest  crack  in  the  sample  set.  Therefore, 
the  peak  distribution  as  well  as  the  overall  cepstral  waveform  shap 
in  the  0-2.7  microsecond  range  were  considered  to  lie  in  an  appro- 
priate interval  for  parameterization. 

The  range  0-2.7  microseconds  was  divided  into  10  equal  bands  of 
0.27  microsecond  width  and  the  number  of  local  maxima  as  well  as 
the  area  in  each  band  were  computed.  Initially,  the  locations 
of  all  the  peaks  within  a band  of  interest  were  computed.  A local 
maximum  was  determined  by  that  candidate  peak  which  was  greater 
than  its  three  neighboring  peaks.  In  this  fashion,  the  total 
number  of  local  maxima  was  computed.  The  area  of  the  cepstrum 
in  the  band  of  interest  was  computed  by  integrating  over  the 
band . 

A total  of  20  parameters  was  computed  from  the  cepstrum  — 10 
relating  to  the  area  and  10  relating  to  the  number  of  local  maxima 
in  the  0 to  2.7  microsecond  interval. 

The  sine  of  the  transducer  viewing  angle  was  the  final  parameter. 

Table  7.1  shows  the  31  parameters  that  served  as  candidate  inputs 
to  the  ALN.  Table  7.2  lists  the  character  of  the  parameter  list 
compiled  for  each  experiment.  Table  7.2  has,  in  addition,  three 
items  of  header  information:  (1)  the  test  identification  number, 

(2)  the  nominal  crack  size,  and  (3)  the  viewing  angle. 


72 


I 


TABLE  7.1 

ALN  INPUT  PARAMETERS 


Waveform 

Number 

Description 

Power  Spectrum 

9 

Fractional  power  in  1 MHz  bands 
in  range  6 to  14  MHz;  total  power 

Spatial  Power 

1 

Total  power  divided  by  width  of 
spatial  range 

Cepstrum 

20 

Number  of  peaks  observed  in  10 
equally  spaced  bands  between 
0-2,700  nanoseconds;  total 
cepstral  values  in  the  10  bands 

Transducer 

Orientation 

1 

Sin  0 

TOTAL:  31 
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TABLE  7.2 


PARAMETER  LIST  USED  AS  INPUT  TO  THE  ALN 
FATIGUE  CRACK  LENGTH  ESTIMATION  MODEL 


Variable 

Number 


Descr i pt ion 
Test  number. 

Crack  size  in  mils. 

Viewing  angle  with  respect  to  the  normal  to  the  plane  of 
the  crack  in  degrees. 

Fractional  deconvolved  power  in  the  6-7  MHz  band. 

Fractional  deconvolved  power  in  the  7-8  MHz  band. 

Fractional  deconvolved  power  in  the  8-9  MHz  band. 

Fractional  deconvolved  power  in  the  9-10  MHz  band. 

Fractional  deconvolved  power  in  the  10-11  MHz  band. 

Fractional  deconvolved  power  in  the  11-12  MHz  band. 

Fractional  deconvolved  power  in  the  12-13  MHz  band. 

Fractional  deconvolved  power  in  the  13-14  MHz  hand 

Total  deconvolved  power  in  the  6-14  MHz  band. 

Total  number  ot  peaks  in  the  1-270  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  271-540  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  541-810  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  811-1,080  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  1,081-1,350  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  1,351-1,620  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  1,621-1,890  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  1,891-2,160  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  2,161-2,430  nanoseconds 
band  of  the  cepstrum. 

Total  number  of  peaks  in  the  2,431-2,700  nanoseconds 
band  of  the  cepstrum. 

Area  of  the  cepstrum  in  the  1-270  nanoseconds  band. 

Area  of  the  cepstrum  in  the  271-540  nanoseconds  band. 

Area  of  the  cepstrum  in  the  541-810  nanoseconds  band. 

Area  of  the  cepstrum  in  the  811-1,080  nanoseconds  band. 

Area  of  the  cepstrum  in  the  1,081-1,350  nanoseconds  band. 

Area  of  the  cepstrum  in  the  1,351-1,620  nanoseconds  band. 

Area  of  the  cepstrum  in  the  .1,621-1,890  nanoseconds  band. 

Area  of  the  cepstrum  in  the  1,891-2,160  nanoseconds  band. 

Area  of  the  cepstrum  in  the  2,161-2,430  nanoseconds  band. 

Area  of  the  cepstrum  in  the  2,431-2,700  nanoseconds  band. 

Total  spatial  power  in  the  6-14  MHz  band.  (Function  of 
parameter  12). 

Sine  of  the  viewing  angle. 
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Finally,  Figure  7.1  is  a schematic  of  the  entire  waveform 
preprocessing  and  parameterization  procedures  carried  out  for 
each  experiment  to  generate  the  parameter  list  shown  in  Table 
7.2.  The  pulse  echoes  collected  by  the  transient  recorder  were 
first  corrected  for  base  line  shift,  gain,  and  damping  induced 
by  the  electronic  data  gathering  system.  The  appropriate  window 
of  data  was  gated  to  isolate  the  region  of  interest  (i.e.,  the 
hole  and  crack  responses).  The  six  circularly  scanned  waveforms 
and  the  reference  waveform  were  then  transformed  into  the  frequency 
domain  by  an  FFT  algorithm. 

Each  of  the  six  frequency  domain  signals  was  deconvolved  from 
the  reference  signal  and  bandpass  filtered  to  isolate  only  the 
frequencies  of  interest.  The  power  spectrum  and  cepstrum  were 
generated  and  the  parameters  extracted  by  the  method  discussed 
in  this  section.  The  31 -component  parameter  vector, 

X = (x4,  xg,  ...,  x^4),  was  the  input  to  the  ALN. 

The  synthesis  of  the  final  link,  i.e,,  the  ALN  model  and  its 
performance,  are  discussed  in  the  next  section. 
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8.  SYNTHESIS  AND  PERFORMANCE  OF  ADAPTIVE  LEARNING  NETWORK 
(ALN)  SUBSURFACE  FATIGUE  CRACK  MEASUREMENT  MODEL 


8.1  ALN  SYNTHESIS  PROCEDURE 

Each  of  the  time  signals  was  preprocessed  and  31  parameters  were 
computed  from  its  power  spectrum  and  cepstrum  (Section  7). 

Series  1 was  recorded  in  July  1975.  Series  2,  with  minor  changes 
in  the  experimental  arrangement,  was  recorded  in  August  1975. 

The  latter  series  of  data  was  recorded  with  a shear  wave  refracted 
angle  of  60°  as  opposed  to  the  70°  refracted  angle  used  in  the 
first  series.  Thus  each  crack  specimen  was  recorded  under  two 
different  experimental  conditions  and  circularly  scanned  at  six 
different  viewing  angles  to  yield  a total  of  12  time  signals  per 
specimen.  The  12  time  signals  were  treated  as  independent  entities 
because,  at  each  viewing  angle,  only  a component  of  the  plane  of 
the  crack  is  perpendicular  to  the  longitudinal  axis  of  the  trans- 
ducer — the  largest  component  corresponding  to  the  case  when  the 
viewing  angle  is  perpendicular  to  the  plane  of  the  crack  and  it  is 
equal  to  the  nominal  crack  length.  So  a total  of  192  time  signals 
(16  cracks  x 12  signals/crack),  each  of  which  contained  512  points 
sampled  at  10  nanoseconds/point,  were  parameterized  (Section  7)  to 
produce  a data  base  consisting  of  192  records  with  31  independent 
parameters.  The  32nd  variable  was  the  dependent  variable,  H , the 
crack  length. 

For  purposes  of  modeling,  the  192  records  were  divided  into  three 
groups  — the  fitting,  selection,  and  evaluation  subsets.  Table 
8.1  shows  the  distribution  of  data  in  the  three  subsets.  The 
fitting  and  selection  subset  each  consisted  of  72  records  of  12 
crack  specimens  from  either  Series  1 or  Series  2.  The  evaluation 
subset  consisted  of  48  records  from  four  specimen  cracks  --  192 
mils,  93  mils,  39  mils  and  14  mils.  The  fitting  and  selection 
subsets  of  data  were  used  to  synthesize  the  model  to  measure  crack 
length  and  the  evaluation  subset  was  used  to  infer  its  general- 
izing capabilities  to  new  crack  specimens  that  had  not  been  used  in 
designing  the  model. 


77 


TABLE  8.1 

DISTRIBUTION  OF  THE  192  DATA  RECORDS 
AMONG  THE  THREE  DATA  SUBSETS 


Specimen 

DATA  SUBSET 

Fitting 

Selection 

Evaluation 

15-279 

6 (I) 

6 (II) 

14-192 

6 (I),  6 (II) 

13-150 

6 (II) 

6 (I) 

12-113 

6 (I) 

6 (II) 

11-093 

6 (I),  6 (II) 

10-073 

6 (II) 

6 (I) 

09-054 

6 (I) 

6 (II) 

08-048 

6 (II) 

6 (I) 

07-039 

6 (I),  6 (II) 

06-027 

6 (I) 

6 (II) 

05-022 

6 (II) 

6 (I) 

04-018 

6 (I) 

6 (II) 

03-014 

6 (I),  6 (II) 

02-011 

6 (II) 

6 (I) 

01-000 

6 (I) 

6 (II) 

00-000 



6 (II) 

6 (I) 

TOTAL  RECORDS 

72 

72 

48 

I - Series  1 Records 

II  - Series  2 Records 


By  design,  most  of  the  crack  sample  specimens  were  in  the  smaller 
size  range  (50  percent  of  them  were  below  48  mils)  because  accuracy 
in  this  range  was  of  prime  importance.  Therefore,  the  goal  was  to 
create  a model  that  could  discriminate  between  smaller  sized  cracks 
as  accurately  as  between  larger  sized  cracks. 


One  way  to  implement  this  bias  is  to  train  the  model  to  estimate 
the  logarithm  of  the  crack  length,  rather  than  the  crack  length  itself. 
The  log  function  has  the  desirable  property  of  rapid  changes  for 
small  values  of  the  argument  because  its  derivative  is  inversely 
proportional  to  l.  However,  these  changes  occur  near  0 mils, 
where  the  derivative  is  infinite,  whereas  the  modeling  requirement 
calls  for  rapid  changes  at  a higher  value  — such  as  30  mils. 
Consequently,  it  was  decided  to  train  the  model  to  measure  a variable 
y,  where: 


= Ln 


and 


/ l 
30 


. \ 


9'  = t(l-sine) 


(8.1) 

(8.2) 


where  £ = nominal  crack  length  in  mils 

0 = transducer  viewing  angle  in  degrees 


Equation  (8.1)  is  a function  of  the  transducer  viewing  angle  0 as 
well  as  1.  It  was  assumed  that  the  crack  length  "visible"  to  the 
transducer  at  angle  0 was  proportional  to  (1-sin  0);  hence, 
Equation  8.2. 

Figure  8.1(a)  outlines  the  model  synthesis  procedure.  It  shows 
a plot  of  y (from  Equation  8.1)  versus  crack  length  l.  Notice 
that  the  crossover  point  is  9= 30  for  a 0°  viewing  angle.  The 
crossover  point  increases  for  increases  in  viewing  angle.  The 
slope  of  Equation  8.1  is 


u 


79 


ivvV' • .*> 


l/l 


(8.3) 
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(b)  MODEL  USAGE 
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FIGURE  B.l:  QUANTITATIVE  SURFACE/SUBSURFACE  FATIGUE 

CRACK  LENGTH  MEASUREMENT  SYSTEM 
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which  is  large  for  small  values  of  l and  progressively 
decreases  for  increases  in  crack  length  l.  This  greatly 
penalizes  the  model  for  small  errors  in  the  range  (0-30  mils), 
where  a model  output  could  be  in  error  by  several  percentage 
points  from  its  nominal  value,  whereas  the  corresponding  error  in 
the  larger  range  (30  mils  and  above)  is  not  so  severely  penalized. 

It  must  be  stressed  that  the  model  has  been  trained  to  recognize 
a function  of  the  nominally  characterized  crack  length , which  is 
based  on  measurements  detailed  in  Section  3.  The  agreement 
between  nominally  characterized  crack  lengths  and  actual 
crack  lengths  can  only  be  verified  by  destructively  testing  the 
sample  specimens.  This  information  regarding  the  true  crack 
length  was  not  available  at  the  time  of  writing. 

After  model  synthesis,  the  estimate  for  new  (i.e.,  previously 
unseen)  data  is  processed  through  an  inverse  function  of  Equations 
(8.1)  and  (S.2)  to  yield  the  estimated  measured  crack  size,-/  i.e., 


30  ey 
( 1-sine ) 


(8.4) 


where : 

y = estimate  computed  by  the  ALN  model 

A 

l = measured  crack  length  obtained  from  y 
6 = viewing  angle. 

A 

Figure  8.1(b)  shows  how  Jt  is  obtained.  The  relevant  31  parameters 
are  computed  by  the  methods  of  Section  7 and  are  input  to  the  ALN 
model.  Its  output,  y,  is  processed  through  a system  which  realizes 

A 

Equation  8.4,  thereby  producing  the  measured  crack  size,  1. 

1/ 

-'The  carat  above  a variable  (e.g.,  y)  denotes  an  estimated  quantity. 
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If  data  of  the  same  unknown  crack  are  available  at  different 
viewing  angles,  additional  measurements  of  the  crack  can  be  made. 
These  measurements  can  be  combined  (by  averaging,  for  example)  to 
yield  a composite  measurement  of  the  crack  length.  This  was  the 
procedure  adopted  in  this  project.  Therefore,  the  composite 
crack  length  estimate  for  a given  fastener  hole.il,  was  the  average 
of  the  six  ALN  model  outputs  for  each  of  the  six  viewing  angles: 

£ = 1/6  [ £ ( 0 = 0°)  + £(  0 = 5.5°)  + £<"0  = 11°)  + 

£ (0  = 16.5°)  + £( 0 = 22°)  + £( 0 = 27.5°)]  (g  5) 

8.2  RESULTANT  ALN  SUBSURFACE  FATIGUE  CRACK  MEASUREMENT  MODEL 

A unique  capability  exists  for  synthesizing  nonlinear  multi- 
variate models  that  can  infer  flaw  geometry  with  very  high 
accuracy.  This  approach  is  called  the  nonlinear  adaptive  learning 
network  (ALN)  and  the  ALN  synthesis  methodology  is  outlined  in 
Appendix  A of  this  project's  interim  report  (Ref.  6)  and  in 
References  1,  5,  7,  8,  and  9.  In  summary,  an  ALN  model  consists 
of  a multinomial  (a  polynomial  in  many  variables)  that  has  been 
synthesized  in  such  a manner  as  to  discover  adaptively  the  perti- 
nent parameters  and  their  linear  and  nonlinear  combinations. 

An  ALN  was  trained  via  the  methods  summarized  in  the  above 
references  using  the  data  from  the  12  sample  crack  specimens 
(Table  8.1)  and  the  parameters  described  in  Section  7.  The  data 
from  the  12  crack  specimens  consisted  of  144  vectors  in  the 
31-parameter  space.  The  model  output  variable,  y,  was  the  function 
realized  by  Equation  (8.1).  Thus  the  information  used  for  each 
experiment  was: 

• Input  variables  — 31  parameters  of  the  recorded 
pulse  echo  in  Table  7.2. 

• Output  variable  — a function  of  the  crack  length 
as  per  Equation  8.1. 
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It  is  significant  that  the  characteristics  of  the  transducer  and 
the  material  are  not  used  — indeed  one  of  the  purposes  of  the 
waveform  preprocessing  step  was  to  remove  their  effects  as  much 
as  possible. 

The  fitting  and  selection  data  subsets  (Table  8.1)  were  used  to 
train  the  ALN  model.  In  this  exercise,  the  output  vari- 
able was  used  for  model  synthesis.  After  the  model  was  obtained, 
the  evaluation  subset  was  input  to  the  model  to  test  its  ability 
to  infer  crack  length  for  data  not  previous  used. 

The  synthesized  ALN  model  is  shown  in  Figure  8.2.  The  four- 
layered  network  realizes  a multinomial  (i.e.,  a polynomial  in  more 
than  two  variables)  of  up  to  order  16  in  the  selected  input  parameters. 
It  can  be  seen  that  16  of  the  31  candidate  input  parameters  were 
found  to  contain  information  relative  to  crack  length. 

Among  the  16  parameters  that  were  selected,  the  more  important 
ones  include  the  fractional  power  in  the  10-11  MHz  band,  the 
cepstral  area  in  the  1-270  nanosecond  range,  and  the  total  power 
in  the  6-14  MHz  range.  The  first  and  last  mentioned  substantiate, 
in  part,  the  theoretical  findings  in  Section  6.2  that  the  total 
power  in  the  reflected  signal  is  proportional  to  the  crack  length. 

Of  course,  theory  points  to  a linear  relationship  between  them, 
whereas  the  actual  relationship  is  nonlinear. 


Parameter 
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FIGURE  8.2:  ALN  SUBSURFACE  FATIGUE  CRACK  MEASUREMENT  MOU£,L 
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8.3  DISCUSSION  OF  RESULTS 


Table  8.2  and  Figure  8.3  show  the  performance  of  the  ALN  classi- 
fier in  measuring  subsurface  fatigue  cracks.  The  mean  absolute 
percentage  error,  which  is  a measure  of  how  close  the  model 
output  is  to  the  nominal  crack  length,  i.e., 

A 

e = x 100%  (8.6) 

is  33.4  percent  for  both  Series  1 and  Series  2,  If  the  average 
of  the  two  estimates  from  Series  1 and  2 is  computed  (last  column 
in  Table  8.2),  the  mean  absolute  percentage  error  is  30.3  percent. 
The  largest  errors  are  committed  in  classifying  a 14  mil  crack  in 
Series  1,  a 39  mil  crack  and  a 93  mil  crack  in  Series  2.  It  was 
mentioned  in  Sections  5.3  and  5.7  that  four  sample  specimens  — 
the  three  aforementioned  and  sample  14-192  — were  used  in  most 
i of  the  early  experimentation  in  the  data  collection  phase.  A 

total  of  176  experiments  was  conducted  on  these  four  sample  speci- 
mens (see  Appendix  B2)  to  determine  the  optimum  signal  averaging 
procedures  along  with  the  feasibility  of  removing  the  fastener 
bolt  prior  to  the  recording  of  Series  1 and  2 data.  There  were 
enough  anomalies  in  the  reflected  signals  from  these  four  sample 
specimens  during  the  Series  1 and  2 experimentation  to  warrant 
a destructive  examination  of  them.  The  results  of  the  impending 
destructive  test  could  show  some  effects  of  the  early  experimen- 
tation on  these  specimens.  If  the  largest  errors  are  omitted,  the 


mean  absolute  percentage  error  is  19.2  percent  for  Series  1 and 
19.6  percent  for  Series  2. 


TABLE  8.2 

PERFORMANCE  OF  ALN  MODEL  IN  MEASURING 
CRACK  SIZE  FROM  ULTRASONIC  NDE  WAVEFORM  PARAMETERS 
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Nominal  ("True")  Crack  Length  (Mils),  £ 


FIGURE  8.3:  PERFORMANCE  OF  ALN  QUANTITATIVE  SURFACE/SUBSURFACE 

FATIGUE  CRACK  LENGTH  MEASUREMENT  SYSTEM 
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The  AFML  tolerance  limit  for  cracks  above  100  mils  is  + 40 
mils,  for  cracks  between  30  and  100  mils  is  + 20  mils,  and  for 
cracks  less  than  30  mils  is  + 20  mils.  With  respect  to  these 
limits,  13  of  the  16  sample  specimens  from  Series  1 and  12  of  the 
16  from  Series  2 are  correctly  measured.  This  yields  81  percent 
and  75  percent  correct  measurement  scores,  respectively.  The 
accuracy  in  measuring  large  cracks  is  slightly  superior  to  the 
measurement  of  small  cracks.  The  significant  result  is  the  fact 
that  smaller  cracks,  heretofore  undetectable,  can  be  measured 
with  reasonable  accuracy. 

8.4  CHARACTERISTICS  OF  ALN  CRACK  MEASUREMENT  MODEL 

One  measure  of  robustness  of  any  mathematical  model  is  determined 
by  its  sensitivity  to  changes  in  the  input  parameters.  Table  8.3 
shows  the  measured  crack  length  sensitivity  to  a 1 percent  change 
in  the  input  NDE  parameters.  The  table  is  a rank-ordering  of  the 
most  to  least  sensitive  parameters.  The  sensitivity  for  each 
variable  x . is  computed  by  calculating  the  change  in  model  out- 
put for  small  perturbations  of  the  input  variable  from  its  nominal 
value.  All  other  input  variables  were  kept  constant.  For  example, 
if  parameter  x.}q,  which  is  the  cepstral  area  between  1891-2160  nano- 
seconds, changes  by  +1  percent  of  its  range,  the  estimated  crack 
length  changes  by  3.19  percent,  or  2.87  mils  from  its  nominal  value. 
If  the  sine  of  the  viewing  angle  (parameter  x,^)  changes  by  +1 
percent  of  its  range,  the  estimated  crack  length  changes  by  only 
-0.08  percent,  or  -0.07  mils,  from  its  nominal  value.  The  con- 
clusion from  these  results  is  that  parameter  x„g,  the  cepstral 
area  between  1891-2160  nanoseconds,  is  more  critical  than  the 
sine  of  the  viewing  angle,  x.^.  From  a practical  viewpoint,  this 
is  a highly  desirable  result  since  very  accurate  angular  measure- 
ments are  not  predicted  to  be  necessary  for  accurate  crack  esti- 
mates using  this  system. 


88 


, 

f 


Another  important  function  of  a robust  mathematical  model  is  the 
agreement  between  its  empirically  implemented  input-output  rela- 
tionship and  the  underlying  physical  phenomena.  Examining  the 
table,  parameters  x„,  x22>  and  x^q,  the  fractional  power  in  the 
10-11  MHz  range,  cepstral  area  in  the  1-270  nanosecond  interval, 
and  the  fractional  power  in  the  12-13  MHz  band,  respectively, 
have  been  negatively  correlated  with  the  crack  length  by  the  model. 
It  is  known  from  physical  principles  that  the  power  spectra  of 
the  reflected  signals  from  large  and  small  cracks  differ  in  that 
the  former  has  higher  low-frequency  content  than  the  latter.  At 
the  frequencies  10-13  MHz,  the  wavelengths  vary  from  12.6  mils  to 
9.7  mils  which  are  too  small  to  interact  with  large  cracks  (279 
mils,  etc.)  Thus,  any  increase  in  the  energy  content  in  these 
bands  is  an  indication  of  a smaller  crack.  The  sensitivity  table 
indicates  the  same  trend  — a 1 percent  increase  in  parameters  xg 
and  leads  to  0.29  mil  and  0.17  mil  decrease  in  crack  length. 

An  increase  in  cepstral  area  in  the  1-270  nanosecond  region  (x2g) 
is  an  indication  of  increase  in  the  time  delays  due  to  small 
cracks  in  the  0-34  mil  range.  Therefore,  larger  cracks  will  have 
a smaller  value  of  x2g.  The  sensitivity  table  indicates  the  same 
trend.  A one  percent  increase  in  x2g  causes  a 0.21  mil  decrease 
in  the  estimated  crack  length. 

Finally,  parameters  x3q,  x19  and  xgl  — which  are  the  cepstral  area 
in  1891-2160  nanoseconds  region,  the  total  power  in  the  G-14  MHz 
band  and  the  cepstral  area  in  the  2161-2430  nanosecond  band,  respec- 
tively — have  been  positively  correlated  with  the  crack  length  by 
the  model.  Parameter  x^2,  the  total  power  reflected  from  a crack, 
is  known  to  increase  with  increase  in  crack  length  and,  in  previous 
investigations,  was  the  sole  indicator  of  crack  length.  Parameters 
xgQ  and  x.jj  are  time  delays  associated  with  cracks  ranging  from 
238-306  mils.  An  increase  in  these  values  is  an  indication  of 
a large  crack.  The  crack  length  increases  by  an  estimated  2.87  mils 
and  1.10  mils  for  1 percent  changes  in  xg0  and  xgl , respectively. 
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TABLE  8.3 
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CRACK  LENGTH  SENSITIVITY  TO  CHANGES 
IN  NDE  ULTRASONIC  PARAMETERS 


VARIABLE  NAME*  (Xi) 

/Average  Crack  Length 
Change  per  1%  Change 
in  _Vapiable  Xj 

MILS 

Of 

S 

CEPSTRAL  AREA:  1891-2160  nsec  band  (X3q) 

2.87 

3.19 

TOTAL  POWER:  6-14  MHz  band  (X12) 

1.44 

1.60 

CEPSTRAL  AREA:  2161-2430  nsec  band  (Xjj) 

1.10 

1.23 

CEPSTRAL  AREA:  271-540  nsec  band  (X24) 

O 

0.36 

CEPSTRAL  AREA:  811-1080  nsec  band  (X26) 

0.32 

0.35 

FRACTIONAL  POWER:  10-11  MHz  band  (Xg) 

-0.29 

-0.33 

CEPSTRAL  AREA:  1-270  nsec  band  (X23) 

-0.21 

-0.23 

CEPSTRAL  PEAKS:  811-1080  nsec  band  (X16) 

0.18 

0.20 

FRACTIONAL  POWER:  12-13  MHz  band  (X10) 

-0.17 

-0.19 

CEPSTRAL  AREA:  1351-1620  nsec  band  (X2g) 

0.09 

0.10 

SINE  OF  VIEWING  ANGLE  (X31|) 

-0.07 

-0.08 

CEPSTRAL  PEAKS:  1621-1890  nsec  band  (Xig) 

0.05 

0.06 

CEPSTRAL  AREA:  2451-2700  nsec  band  (X32> 

-0.02 

1 

O 

CEPSTRAL  PEAKS:  2A3 1-2700  nsec  band  (X22) 

0.02 

0.02 

CEPSTRAL  PEAKS:  1081-1350  nsec  band  <X17) 

-0.01 

-0.02 

FRACTIONAL  POWER:  13-14  MHz  band  (Xn) 

0.0L 

0.01 

PoWEF  SpECTRJM  ANE  CEPSTFJM  HAVE  BEEN  DECONVOLVE r AND  BAND-PASS 
F ILTERED 


l » ct  = (0.1'26  mils/nsec)  t 


At.  nsec 

At,  mils 

1-270 

0.1-34 

271-540 

34-68 

811-1,080 

102-136 

1,081-1.350 

136-170 

1,351-1,620 

170-204 

1,621-1,890 

204-238 

1,891-2,160 

238-272 

2,161-2,430 

272-306 

2,431-2,000 

306-340 
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9.  RECOMMENDATIONS 


It  has  been  shown  that  subsurface  fatigue  crack  geometries  can 
be  modeled  from  parameters  of  the  reflected  ultrasonic  signals 
with  good  accuracy  over  a range  of  0-279  mils.  For  each  specimen, 
reflections  were  observed  at  different  transducer  angular  posi- 
tions, 0,  and  8 varied  from  0°  to  27.5°,  in  5.5°  increments.  It 
was  found  that  the  frequency  response  varied  considerably  with 
changes  in  the  angular  position,  probably  due  to  interference 
effects.  As  a consequence,  a spatial  transform  was  introduced 
in  an  attempt  to  derive  global  characteristics  of  the  reflection 
from  a crack  as  a function  of  9,  a spatial  variable  which,  in 
turn,  is  a function  of  both  the  frequency,  f,  and  0 (Equation 
6.18).  Unfortunately,  SI  was  insufficiently  sampled  in  the  0-space, 
(although  it  was  sampled  sufficiently  in  f-space)  to  obtain  any 
meaningful  global  description  of  the  crack  characteristics. 
Consequently,  it  is  recommended  that  an  array  of  transducers  be 
placed  around  the  periphery  of  the  defect  to  obtain  a larger 
number  of  time  signals  as  functions  of  0 . A spatial  transform 
of  the  signals  should  contain  more  defect  discriminatory  informa- 
tion since  sufficient  samples  will  exist  in  both  time  and  space 
(i.e.,  angular  positions). 

To  obtain  a meaningful  spatial  transform,  the  amplitude  versus  time 
signal  data  obtained  at  the  various  angles  must  be  correctly  phased. 
The  time  of  occurrence  of  the  hole  response  was  invariant  as  long  as 
the  physical  distance  between  the  transducer  and  the  fastener  hole 
was  fixed.  Therefore,  the  time  of  occurrence  of  the  hole  response 
in  each  of  the  signals  can  be  used  as  the  leading  edge  of  the  data 
window  to  assist  in  correctly  phasing  the  reflected  signals  received 
at  each  transducer  position  in  the  array. 
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Another  advantage  of  ult rasonical ly  interrogating  a defect  with 
an  array  of  transducers  is  that  each  time  signal,  recorded  under 
different  angular  conditions,  can  be  considered  an  independent 
evaluation  of  the  crack  characteristics.  If,  as  the  geometry 
suggests,  only  a component  of  the  crack  length  is  available  at 
different  viewing  angles,  an  ALN  can  be  trained  to  measure  that 
component  of  crack  length.  A global  estimate  of  the  crack  length 
can  be  computed  by  combining  the  individual  estimates  from  each 
viewing  angle.  Thus,  there  are  more  independent  estimates  of  the 
crack  length,  which  should  lead  to  a more  accurate  global  estimate. 

One  drawback  in  using  a ring  of  transducers  is  that  each  transducer 
in  the  array  will  have  different  characteristics.  (Of  course  an 
arrav  of  transducers  can  be  simulated  by  stepping  one  transducer 
through  various  angular  positions  as  was  done  in  this  project.  How- 
ever, to  scan  over  360°  in  5.5°  increments  requires  measurements  at 
65  positions.)  Thus,  each  reflected  signal  will  have  to  be  decon- 
volved, in  software,  from  the  characteristics  of  its  parent  trans- 
ducer. It  was  found  that  the  deconvolution  process  was  noise 
inducing  and  efforts  to  bandpass  filter  tend  to  reinforce  the  char- 
acteristics of  the  transducer  back  into  the  deconvolute.  Further 
research  in  the  area  of  inverse  filtering  procedures  is  highly 
recommended. 

The  effect  of  deconvolution  could  be  mitigated  if  one  used  a 
chirped  continuous  wave  (CW)  input  instead  of  a pulsed  input  to  the 
transducer.  The  pulse  is  broadband  and  each  transducer  distorts 
it  depending  on  individual  characteristics.  If  the  chirping 
frequency  range  extends  over  a determined  bandwidth,  which  is  a 
common  characteristic  to  all  the  constitutent  transducers  in 
the  array,  the  existence  of  spurious  frequencies  in  the  deconvolute 
beyond  the  transducer  dynamic  range,  is  minimized. 


It  was  assumed  that  the  crack  length  visible  to  the  transducer  was 
porportional  to  l-sin0.  This  relationship  was  used  to  construct 
the  six  values  of  the  dependent  quantity  as  a function  of  the  six 
angular  positions  for  crack  specimen:  y(0)  = Ln  [ l( l-sin0 )/30] 
(Equation  8.1).  The  ALN  model  that  was  obtained  (Figure  8.2)  along 
with  its  crack  estimates  (Figures  1.2  and  8.3)  was  intentionally 
biased  by  this  assumption.  Further  study  has  revealed  that  the 
proper  form  for  y(0)  is  a quadratic  in  £ and  0.  This  function  has 
a minimum  at  approximately  0 = 11°,  which  approaches  zero  as  l 
decreases.  Since  each  value  in  Figures  1.2  and  8.3  is  an  average 
of  six  estimates,  it  is  conceivable  that  the  scatter  could  be 
reduced  by  retraining  the  ALN  model  with  a more  appropriate  form 
of  the  dependent  variable,  y(0).  The  accuracy  of  the  new  model 
should  exceed  the  70  percent  value  obtained  above.  It  is  recommended 
that  such  further  training  be  performed. 
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APPENDIX  A 

PREPARATION  OF  FATIGUE  CRACKED 
FASTENER  SPECIMENS 


FATIGUE  CRACKED 


Metcut  Report  1449-21640-1 


Adaptronics,  Inc. 
McLean,  Virginia  22101 


METCUT  RESEARCH  ASSOCIATES  INC 


John  B.  Kohls,  Project  Engineer 


Approved: 


William  J.  Stross,  Supervisor 
Materials  Testing  Laboratory 


At  the  request  of  Mr.  Roger  L.  Barron,  President  of  Adaptronics,  Inc., 
Metcut  Research  manufactured  16  cracked  fatigue  specimens.  The 
specimens  were  manufactured  in  general  conformance  to  ASTM 
Specification  E127-64  from  5/8  x 3 in.  7075-T651  Aluminum  plate. 

The  aluminum  conforms  to  Federal  Specification  QQ-A-250/13  and 
was  ultrasonically  inspected  per  American  Aluminum  Association 
FBH  Cl.  AA  3/64  in.  by  Conam  Inspection  of  Columbus,  Ohio,  A 
Division  of  Automation  Industries,  Inc.  Certification  of  material  as 
to  mechanical  property  and  ultrasonic  inspection  is  given  in  the  Appendix. 

The  specimens  were  low  stress  ground  on  all  surfaces  with  a single 
drilled  and  reamed  hole  located  at  one  end.  Specimen  configuration  is 
shown  in  Figure  1.  Specimens  were  then  loaded  into  the  precracking 
fixture  shown  in  Figure  2.  The  precracking  was  performed  in  four-point 
bending  on  a SFO  1 Sonntag  fatigue  machine.  This  is  a constant  force 
machine  and  has  a cycle  rate  of  1800  cpm.  The  specimens  were  cycled 
at  a surface  bending  stress  of  20  ksi  and  ari  A ratio  of  0.90 
( odyn.  / ostat.  = 0.9%).  Crack  initiation  occurred  between  20,  000 
and  50,  000  cycles  with  no  specimens  seeing  more  than  400,  000  cycles 
(initiation  plus  growth). 

A table  showing  crack  length  versus  specimen  identification  is  presented 
in  Table  I.  The  cracked  surface  is  identified  in  the  sketch  at  the  bottom 
of  Table  I.  Holding  the  specimen  in  a manner  to  enable  you  to  read  the 
specimen  number,  the  crack  will  be  on  the  lower  surface,  see  sketch. 
Table  I. 

To  insure  precracking  location  and  to  avoid  double  crack  initiation,  an 
EDM  starter  notch  was  used  on  all  specimens  except  15-279.  The  depth 
and  width  dimensions  of  the  EDM  notches  are  given  in  Table  I. 
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One  of  the  initial  concerns  in  the  manufacture  of  the  specimens  was 
to  grow  a crack  with  a length- to- depth  ratio  of  approximately  1:1. 

To  verify  this  ratio,  four  specimens  were  precracked  and  broken 
apart  to  observe  the  crack  shape  and  also  the  relation  of  actual  crack 
length  to  the  observed  crack  length  prior  to  failure.  Table  II  gives 
the  crack  lengths  for  the  four  specimens  and  Figure  3 shows  photographs 
of  the  crack  area  at  a magnification  of  10X. 

After  manufacturing  and  precracking,  1/4  - 28  aircraft  quality  fasteners 
were  installed  in  the  specimens.  The  fasteners  were  installed  with  a 
hardened  steel  washer  under  both  the  nut  and  the  head  of  the  fastener, 
and  torqued  to  a value  of  20  ft. -lbs. 


The  sealant  applied  to  the  fastener  assembly  was  a 3-M  product  - 
EC-  1675,  Class  B - which  is  equivalent  to  MIL.-S-8802.  A sketch  of 
the  installed  fastener  is  shown  at  the  bottom  of  Table  I. 
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FIGURE  2:  PRECRACKING  FIXTURE  LOADED  WITH  SPECIMEN  (See  Figure 


Bore  Depth 


I) 


Surface  Length 


Ref.  Table  3.2. 


S/N  3 


Mag.  10X 


FIGURE  3:  PHOTOMACROGRAPHS  SHOWING  FATIGUE  CRACK  DEPTH  (See  Figure  3.3) 
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CERTIFICATE  OF  INSPECTION 


^0 


© automation  industries,  inc. 

OC  0 N A M Inspection 

4000  LOCKBOURNE  ROAD  • COLUMBUS,  OHIO  43207 


Report  No. 


AC  614  491-3000 


vrttomgr  Mctcut  Research  Associates  Inc. 

tw.  J ohn  Kohls 

,.««i Ajd.r.1  3980  Rosslyn  Drive 

•tyostot.  Cincinnati,  Ohio  45209 

ytt  Ht)  /D*g  No. 


□ PENETRANT 
0 ULTRASONIC 
SPIC  No. 

Am.  Alum, 

Procvdorc  No. 


f~l  MAGNETIC  PARTICLE 
□ EOOr  CURRENT 


7075-T651 


No.  of  Po»ls  o'  A»*o  of  T«»f 


♦*»  Eqw>pt 

725  Immerscopc  S/N  7042.  Pulscr /Receiver  S/N  8042,  lithium  sulphate  transducer  S/N  13044 


15MHz. 


various  deuth  at  80%  mi nimum  amplit udc. 


. PCS  INSPEOEO  AND  ACCIPTtO. 


No  Reportable  Indications  Detected 


TABLE  I 


CRACK  LENGTHS  OF  SPECIMEN 


EDM  Starter  Notch 

Specimen  No.  Depth  Width Crack  Length 


00-000 

... 

... 

0 

01-000 

— 

— 

0 

02-011 

.0026 

.0022 

.011 

3-014 

.0016 

.0020 

.014 

4-018 

.0016 

.0019 

.018 

5-022 

.0035 

.0020 

.022 

6-027 

.0020 

.0020 

.027 

7-039 

.0014 

.0018 

.039 

8-048 

.0019 

.0020 

.048 

9-054 

.0016 

.0018 

.054 

10-073 

.0019 

.0021 

.073 

11-093 

.0020 

.0021 

.093 

12-113 

.0024 

.0019 

.113 

13-150 

.0015 

.0019 

. 150 

14-192 

.0017 

.0018 

. 192 

15-279 

... 

... 

.279 

Depth  along  hole  radius 


Width  tangent  to  hole  circumference 


6±lO 
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To:  METCUTT  RESEARCH  October  25,  1974 

3980  Rosslyn  Drive 
Cincinnati,  OH  45209 


DISTRIBUTOR 


G3  ALCOA 

l J 


OM(*l  0*011  NO. 

58983  Partial 

B 071902-103 



MATERIAL  FURNISHED  - DESCRIPTION 

WEIGHT 

CONFORMS  TO 

7075-T651  Aluminum  Plate 
S/8  in  x 3 in  x RDM 

20'  46* 

QQ-A-250/13 

CHEMICAL  COMPOSITION  LIMITS  OF  WROUGHT  ALUMINUM  ALLOYS 


Mutninum 

Alloy 

Silicon 

Iron 

Copper 

Man* 

ganese 

Mag- 

nesium 

Chro- 

mium 

Zinc 

T< 

Olhir 

Texts  - Minimum 

Each 

Total 

Tensile 

Yield 

Elont 

EC 

99.45  MIN 

1100 

1.0  Si 

Fi 

0050.20 

005 

0.10 

0.05 

0.15 

99  00  MIN 

2014 

0 50  1.2 

0.7 

3.9  5.0 

040  1.2 

0.200.8 

0.10 

0.25 

0.15 

005 

0.15 

Remainder 

2017 

08 

07 

35-4.5 

040-1.0 

0.200.8 

0.10 

0.2S 

0.05 

0.15 

Remainder 

2024 

0 50 

0.60 

3.64.9 

0 300.9 

1 .2-1.8 

o'.io 

0.25 

0.05 

0 15 

Remainder 

3003 

06 

07 

0.05  0.20 

1.01.5 

0.10 

005 

0 15 

Remainder 

5005 

040 

0.7 

0.70 

020 

0 50-1  1 

0.10 

0.25 

0.05 

0.15 

Remainder 

5050 

0.40 

07 

0.20 

0.10 

1.11.8 

0.10 

0.25 

0.05 

0.15 

Remainder 

5052 

0 45  Si 

► Fi 

0.10 

0.10 

2.22.8 

0.15  0.35 

0.10 

0 05 

0 IS 

Remainder 

5083 

040 

0 40 

0.10 

0.30  V0 

4.04.9 

0.050.25 

025 

0.15 

005 

0.5 

Remainder 

5086 

0.40 

0 50 

0.10 

0.20  0.7 

3.54.5 

0.05-0.25 

0.25 

0.15 

0.05 

0 15 

Remainder 

5262 

0 08 

0.10 

0.10 

0 10 

2 7 2.8 

0.03 

0.10 

Remotnilfr 

5454 

0.40  Si 

► F, 

0.10 

0 50  1.0 

2.4  3.U 

0.050.20 

0.25 

020 

0 05 

0.15 

Remainder 

5456- 

0.40  Si  ♦ Fi 

0.10 

0 50  1.0 

4 7-5.5 

0.050.20 

0.25 

0.20 

005 

0.15 

Remainder 

5457 

008 

0 10 

0.20 

0.150.45 

0.8  1.2 

0.03 

0.10 

Remainder 

5657 

0.08 

0.10 

0.10 

003 

06-1.0 

003 

0.02 

005 

Remainder 

6061 

0 40  0.80 

0 7 

0.15040 

0 15 

0 8 1.2 

0.04  0.35 

0.25 

0.15 

005 

0 15 

Remainder 

PI  700 

0.40  0 80 

0.7 

0.150.40 

0 15 

0 8 1.2 

0.15-0.35 

0.25 

0.15 

005 

0.15 

Remainder 

6063 

0.2006 

0.35 

0.10 

0.10 

0.450.9 

0.10 

0.10 

0.10 

0.05 

0.15 

Remainder 

6101 

0.30  0 7 

050 

0.10 

0.03 

0.350.8 

003 

0.10 

0.03 

0.10 

Remainder 

6762 

0400* 

07 

0 15  0 40 

0 15 

0.8-1. 2 

0.04  0.14 

0.25 

0 15 

0.05 

0.15 

Remainder 

*•7075 

040 

0.50 

1.2  2.0 

030 

2.12.9 

0.18-0.35 

5.16.1 

0.20 

0.05 

0.15 

Remainder 

Ten  sill 

85.4  85 

,3k  si 

•d  2024  Clip 

0.7  Si 

Fe 

0.10 

0C5 

0.10 

005 

99  30  MIN 

Yield 

76.6  76 

.6  ksi 

Core 

050 

050 

3.84.9 

0.300.9 

1.2  1.8 

0.10 

025 

0.05 

0 15 

Remainder 

Blong 

11.4  11 

.4 

H 7075  Clid 

0.7  Si 

► Fi 

0.10 

0.10 

0.10 

0.9-1 .1 

005 

0.75 

Remainder 

Con 

" 

0.7 

1.22.0 

0.30 

2.1  2.9 

0.180.40 

5. 1-0.1 

0.20 

005 

0.15 

Pimundir 

"position  ,n  P*»eon»  minimum,  unless  shown  ••  a nnp  or  minimum. 
WILLIAMS  OTHER  LOCATIONS 


rsburph.  p*  |))J) 

p*nn»yt.|nl*  A«« 
•'l-IJT  III  I 

umous.  Ohio  OJJ) 
*>0 


CtOv«<sna.  Ohio  44  175 
5301  0»*nt  Av«. 

7 10-44 1*1000 

Toledo,  Ohio  4)017 
140  Kent  St. 
4tl-4  31.7000 


Cine Innso.  Ohio 4)777 
7040  fteinhoid  Or. 
917—021*5555 

louitvMts.  Ky.  40702 
1 109  5.  Preston  St. 
502-502*3)71 


C h*»j#st on,  w.  Ve  2570)  Vuftein,  New  Vort*  14227 

1010  P.  St.  415  Kennedy  Rood 

J04-744SJS3  710-057*2000 


Thit  report  indicates  the  chemical  eneiysn  nwp  to  which  the  items 
listed  wen  menu  lectured  Sesed  on  certificate  ©I  commence  furnished 
to  us  by  the  producer,  we  certify  them  to  be  within  the  limits  shown, 
•nd  will  conform  (0  specificetiOn: 

QQ- A-250/1 3 

O 


CORTlPlKO  AOlhf 

Mildred  Donnelly/lap 
WlM.IAMN  AMI  COMPANY,  I.V. 


A-13 


ULTRASONIC  TEST  OATA 
USTtD  BY  TEST  NUMBER 


the  following  heading  data  is  common  tc  all  testsi 


wInE 

NUMBER 

description 

20 

BABCUC a 

AND  RlLCOX 

CO 

30 

LYNCHBURG  RESEARCH 

CENTER 

330 

XDUCtN 

PANAMETNI 

NON  FREb 

1C  MHZ 

40k) 

sample 

ALUMINUM  HMG 

HETCUT 

910 

p/r 

P ANAMETh ICS 

9B62PR 

320 

P/R 

PULSER  RECVR 

1 

33* 

P/R 

REP  RATE 

4 

340 

P/R 

ENERGY 

3 

53k. 

P/R 

damping 

S.B 

3 60 

P/R 

ATTtNUAl ION/GAIN 

•0/44®  OB 

610 

Bt  100 

Cm  A 

COUPLING 

DC  CC 

630 

Bsie* 

CM  A 

INPUT  OFFSET 

plus  ,ee 

710 

Bb  100 

CM  B 

INPUT/OFF 

OFF 

810 

B81E0 

ARM 

FROM 

NONE 

820 

BE1P0 

ARM 

OELAY 

e.e®  K SAMPLES 

830 

Be  100 

ARM 

SOURCE 

EXT 

640 

88100 

ARM 

INTERNAL 

CH  A 

870 

Bb  100 

ARM 

LEVEL 

® X FB  1NFUT 

414 

88100 

TRIGGER 

FROM 

8032PR  SYNC 

930 

88100 

TRIGGER 

SOURCE 

EXT 

940 

Hbl?0 

TRIGGER 

internal 

CH  A 

950 

etieo 

TRIGGER 

SLOPE 

PLUS 

968 

88100 

TRIGGER 

COUPLING 

DC 

970 

88100 

TRIGGER 

LEVEL 

PLUS  .1®  X FS 

1010 

8ei®0 

TIME  BASE 

SAMPLE  INTERV 

.Cl  US 

1020 

88100 

TIME  BASE 

SOURCE 

INTERNAL 

1040 

88100 

RECORD  MOOE 

NORHAL 

1200 

COMMENT 

COUPLANT 

hahikleer 

THE  FoLLOmInG 

HEAOInG 

OATA  CORRESPONDS  TO  THE  TEST  OATA  TABULATED  8EL0N . 

THE  LINE 

NUMBER 

IS  GIVEN 

ABOVE  THE 

APPROPRIATE  COLUMN. 

LINE 

number 

description 

310 

XDUCtN 

panahetric 

SERIAL  NUMBER 

320 

XDUCtN 

PANAHETRIC 

DIAMETER (INCHED /ANGLE (OEGRECI) 

340 

XCUCfcR 

POSITION  X 

(INCHES) 

330 

XDUCtN 

POSITION  V 

(INCHES) 

360 

XDUCtN 

DIRECTION 

CCM  THETA  (0EGREE8) 

410 

Sample 

NUMBER 

620 

Beie® 

CM  A INPUT 

range  full  SCALE  ♦ OR  • (VOLTS) 

V20 

86100 

TRIGGER  TIME  BASE  OELAY 

INCREHENTS  (X  1SBS) 

notch 

1.  TMt  LAST  COLUMN  HtADED  "NR  ROC"  CONTAINS  THE  NUMBER  OF  READINGS 
AVER AGCO  FOR  THE  TEST. 

The  NUMBER  In  THE  COLUMN  HEADINGS  REFER  TO  THE  LINE  NUMBERS  ABOVE. 

2.  THE  NOMINAL  FREOUENCT  FOR  THIS  TRANSDUCER  (LINE  33®)  XI  8 MMX , 

THE  DAMPING  OF  THE  9®92  PR  (LINE  998)  NAS  SET  AT  F.B  FOR  THIS  TEST. 

3.  1*HC  ATTCNUATION/GAIN  (LINE  960)  NAS  SET  AT  -0/*O  FOR  THIS  TEST, 

'4.  THIS  TEST  MAS  INCURRECTLV  NUMBERED  348  INSTEAD  OP  313. 


ULTRASONIC  TES 1 DATA  LISTED  BY  TEST  NUMBER,  CONTINUED 


TEST 

SERIAL 

XOUCER 

XLUCtK  POSITION 

SAMPLE 

VOLT 

DELAY 

ROCS 

NR 

NUMBtR 

0/ ANGLE 

X-IN 

Y-1N 

theta 

number 

♦ -7S 

X 1 000 

AVGD 

NOTES 

310 

320 

347 

330 

360 

410 

620 

920 

2U1 

5334 

7.25/45 

13-279 

0.50 

2.0 

1 

NOTES  213 

28S2 

5334 

0.25/45 

14*192 

0,50 

0.0 

1 

NOTE  2 

2*S 

5354 

0.25/45 

13-130 

0,50 

0.0 

1 

NOTE  2 

204 

5334 

0.25/45 

12-113 

0.20 

0,0 

1 

NOTE  2 

20s 

400  1 

0.25/60 

13-279 

0.10 

2.0 

l 

206 

4001 

0.25/60 

14-192 

0.10 

2.0 

1 

227 

4781 

0.25/60 

13-130 

0.10 

2.0 

1 

208 

4301 

0,25/60 

12-113 

0.10 

2.0 

1 

229 

4301 

0.25/00 

11-093 

0.10 

2.0 

l 

212 

4701 

0.25/60 

10-073 

0.05 

2.0 

1 

211 

4701 

0.25/80 

09-034 

0.03 

2.0 

1 

212 

4001 

0.25/60 

09-034 

0.03 

2.0 

1 

2U 

4281 

0,25/60 

08-040 

0.03 

2.0 

1 

214 

4001 

0.25/60 

07-039 

0.05 

2.0 

1 

215 

4001 

0,23/60 

06-027 

0.03 

2.0 

1 

216 

4001 

0.25/60 

03-022 

0.08 

2.0 

1 

217 

4081 

0.25/60 

04-016 

0,03 

2.0 

1 

216 

4081 

0.25/60 

04-016 

0.03 

2.0 

1 

219 

4081 

0,25/60 

03-014 

0.03 

2.0 

1 

222 

4781 

0.25/60 

02-011 

0.03 

2.0 

1 

221 

4081 

0.25/60 

02-011 

0.0S 

2.8 

1 

222 

4781 

0,25/67 

01-000 

0.03 

2.0 

1 

223 

4701 

0.25/67 

00-000 

0.03 

2.0 

1 

224 

4Eo  1 

0.25/60 

14-192 

0.20 

1.3 

1 

225 

4001 

0,25/00 

11-093 

0.20 

1.3 

1 

226 

40O1 

0.25/00 

14-192 

0.20 

1.3 

1 

227 

4001 

0.25/60 

11-093 

0.10 

1.0 

1 

226 

4701 

0.25/60 

1.24 

2.64 

60.0 

14-192 

0.20 

1.3 

1 

229 

4781 

0.25/60 

1.31 

2.68 

86.0 

11-093 

0.20 

1.9 

232 

4001 

0.25/60 

1.25 

2.67 

63.3 

07-039 

0.03 

1.9 

1 

231 

4701 

0.25/60 

0.94 

2.70 

65.3 

03-014 

0,03 

1.9 

1 

232 

4081 

0,25/60 

1.36 

2.72 

93.0 

14-192 

0.20 

1.9 

10 

233 

4201 

0.25/60 

1.26 

2.72 

63.3 

11-093 

0.10 

1.9 

10 

234 

4081 

0.25/60 

1.33 

2.69 

86.0 

07-039 

0,50 

1.9 

10 

23S 

4781 

0.25/60 

1.37 

2.66 

87,0 

03-014 

0.30 

1.9 

10 

236 

4001 

0.25/70 

1.22 

2.50 

88.3 

14-192 

0.03 

1.9 

10 

237 

4361 

0,25/70 

1.24 

2.48 

84.0 

11-093 

0.08 

1.9 

10 

236 

4081 

0,25/70 

1.37 

2.38 

63.3 

07-039 

0.03 

1.9 

29 

239 

4081 

0.25/70 

1.22 

2.43 

81.0 

03-014 

0.09 

1.9 

29 

240 

4001 

0.23/70 

1.42 

2.44 

91.0 

14-192 

0.10 

1.9 

10 

241 

4081 

0.25/70 

2.73 

3.25 

130.0 

14-192 

0.10 

1.9 

10 

242 

4281 

0.23/70 

2.73 

4.00 

210.0 

14-192 

0.10 

1.9 

10 

243 

4081 

0.23/70 

1.42 

3.56 

270.0 

14-192 

0,10 

1.9 

10 

244 

4081 

0.25/70 

0.00 

4.75 

330.0 

14-192 

0.10 

1.9 

10 

245 

4781 

0,25/70 

*.03 

3.33 

30.0 

14-192 

0.10 

1.9 

10 

246 

4081 

0.23/70 

0.93 

2.30 

71  ,0 

14-192 

0.10 

1.9 

10 

247 

47,81 

0.25/70 

1.42 

2.43 

91,0 

11-093 

0.10 

1.9 

10 

248 

4781 

0.25/70 

2.75 

3.25 

130,0 

11-093 

0.10 

1.9 

10 

249 

4081 

0.23/70 

2.75 

4,04 

218.0 

11-093 

0.10 

1.9 

10 

230 

4201 

0,23/70 

1.45 

5.55 

276,0 

11-093 

0.10 

1.9 

10 

231 

4281 

0.23/70 

0.00 

4.73 

330.0 

11-093 

0.10 

1.9 

232 

4081 

0.23/70 

0.05 

3.20 

30.0 

11-093 

0.10 

1.9 

10 

253 

4061 

0,23/70 

0.09 

2.33 

72.0 

11-093 

0.10 

1.9 

11 

234 

4081 

0,23/70 

1.42 

2.44 

91.0 

•7-039 

0.15 

1.9 

10 

ULTRASDML  1 ESI  DATA  LISTED  BY  TEST  NUMBER,  CONTINUED 


Ttsr 

SERIAL 

XOUCtW 

XUUCfcW  POSITION 

SAMPLE 

VOLT 

DELAY 

ROCS 

Nrt 

NUMBER 

U/  ANGLE 

X-IN 

Y-IN 

THETA 

NUMBER 

♦ -F8 

X1000 

AVCD  NOTES 

3ie 

32m 

340 

350 

360 

410 

620 

920 

256 

4031 

0,25/70 

2,73 

3.25 

150.0 

07-039 

0,05 

1.5 

10 

256 

4031 

0,25/70 

2.72 

4.77 

210.0 

07-039 

0,05 

1.5 

10 

267 

4061 

0.25/70 

1,37 

5.55 

270.0 

07-039 

0,05 

1.5 

10 

2SS 

4081 

0,25/70 

0.03 

4,75 

330,0 

07-039 

0,05 

1.5 

10 

269 

4081 

0.25/70 

0.05 

3,16 

30,0 

07-039 

0,05 

1.5 

10 

260 

4081 

0.25/70 

0,87 

2.54 

70.0 

07-039 

0,05 

1.5 

10 

261 

4081 

0,25/70 

1.38 

2.44 

91,5 

03-014 

0,05 

1.5 

10 

262 

4081 

0.23/7M 

2.75 

3.25 

150.0 

03-014 

0,05 

263 

4061 

0.25/70 

2.72 

4,60 

210.0 

03-014 

0,05 

i.'s 

10 

264 

408  1 

0.25/70 

1.34 

5,35 

270,0 

03-014 

0,05 

je 

265 

4031 

0,23/70 

0.03 

4,78 

330,0 

03-014 

0,05 

266 

4081 

0.23/70 

fc.03 

3.19 

30.0 

03-014 

0.05 

i!s 

10 

267 

4061 

0.25/70 

0.67 

3.19 

70,0 

03-014 

0,05 

1.5 

10 

263 

4061 

0.25/70 

0,67 

3.19 

70.0 

03-014 

0.05 

1.5 

l 

269 

4061 

0.23/70 

1.17 

5.53 

276,5 

03-014 

0.05 

1.5 

10 

270 

4081 

0.23/7e 

1,35 

2.43 

86,5 

14-192 

0.05 

1 j 8 

11. 

271 

4081 

0,25/70 

1.35 

2.43 

85,5 

14-192 

0.05 

1.8 

272 

4081 

0.25/70 

1.35 

2.43 

85.5 

11-093 

0.05 

10 

273 

4081 

0.25/70 

1,35 

2.43 

85,5 

11-093 

0.05 

1.5 

10 

274 

4081 

0.25/70 

1.47 

2.43 

90.0 

07-039 

0.05 

10 

273 

4081 

0.25/70 

1.47 

2.43 

90.0 

07-039 

0.05 

US 

10 

276 

4081 

0,25/70 

1,39 

2.42 

87.5 

03-014 

0,05 

277 

4081 

0.25/70 

1.39 

2.42 

87.5 

03-014 

0.05 

2 76 

4861 

0,25/70 

1.32 

2.42 

84,5 

14-192 

0.05 

279 

4061 

0,25/70 

1.35 

2.43 

85.5 

14-192 

0,05 

10 

280 

4081 

0,23/70 

1.35 

2.43 

85,5 

14-192 

0,05 

i!s 

10 

281 

4081 

0,25/70 

1.35 

2.43 

85.5 

11-093 

0.05 

1.8 

10 

282 

4081 

0,25/70 

1.35 

2.43 

85,5 

11-093 

0,05 

1.5 

283 

4081 

0,25/70 

1.35 

2,43 

85.5 

11-093 

0,05 

1.5 

10 

284 

4081 

0,25/70 

1.47 

2.43 

90.0 

07-039 

0,05 

10 

283 

4081 

0.23/70 

1.47 

2.43 

90,0 

07-039 

0.05 

10 

286 

4061 

0,23/70 

1,39 

2,42 

87,5 

03-014 

0,05 

U8 

287 

4081 

0,25/70 

1.39 

2.42 

87.5 

03-014 

0.05 

1.6 

10 

288 

4081 

0,25/70 

1.56 

2,53 

90,0 

00-000 

0,05 

1,5 

289 

4081 

0,25/70 

1.60 

2.40 

90.5 

02-011 

0,05 

1.5 

1 

280 

4061 

0,25/70 

1.43 

2.52 

86.5 

15-279 

0,05 

291 

4081 

0,23/70 

1.23 

2.47 

60.5 

14-192 

0.06 

10 

292 

4081 

0,25/70 

1,23 

2.47 

86.5 

14-192 

0.05 

10 

293 

4081 

0,25/70 

1.17 

2.50 

75,0 

14-192 

0,05 

10 

294 

4061 

0,23/70 

0.91 

2.54 

70.0 

14-192 

0,05 

i.'s 

293 

4081 

0,25/70 

0.77 

2.60 

64.0 

14-192 

0,05 

1.5 

tv 

296 

4081 

0,23/70 

0,64 

2,65 

58,0 

14-192 

0,05 

297 

4081 

0,25/70 

0.53 

2.72 

52,5 

14-102 

0,05 

10 

298 

4081 

0,25/70 

2.72 

2.71 

121.0 

14-192 

0.05 

i!s 

10 

299 

4081 

0,25/70 

1,36 

2.47 

06,5 

11-093 

0,06 

1.5 

10 

300 

4081 

0,25/70 

1,22 

2.40 

61.0 

11-093 

0,05 

1.5 

301 

4081 

0,25/70 

1.09 

2.50 

75.5 

11-093 

0.05 

1.8 

10 

302 

4061 

0.25/70 

0,95 

2.52 

70.0 

11-093 

0.05 

1.8 

10 

303 

4081 

0,23/70 

0.61 

2.57 

64,5 

11-093 

0,05 

1.8 

10 

304 

4061 

0.25/70 

0,66 

2.64 

59.0 

11-093 

9,05 

1.5 

10 

303 

4061 

0,25/70 

2,72 

3.32 

149,0 

11-093 

0,05 

1.8 

10 

306 

4081 

0,23/70 

1.44 

2.40 

90.0 

07-039 

0,95 

1.8 

307 

4081 

0,25/70 

1.32 

2.40 

84.5 

07-039 

0,06 

1.8 

10 

308 

4081 

0,25/70 

1.17 

2.49 

79.0 

07-039 

0,05 

1.5 

10 

B-5 


ULTRASONIC  TEST  DATA  LlSTtO  BY  TEST  NUMBER,  CONTINUED 


TEST 

SERIAL 

XOUCER 

XQUCtR  POSITION 

sample 

VOLT  DELAY 

ROCS 

NR 

NUMBER 

q/anule 

IN 

V*  IN 

THETA 

NUMBER 

♦-FS  X1000 

A V60 

NOTES 

310 

320 

340 

359 

360 

410 

620 

920 

309 

4081 

0,25/70 

1.03 

2.50 

73.5 

07-039 

0.05 

1.5 

10 

310 

4081 

0,25/70 

0.68 

2.54 

68,0 

07-039 

0.05 

1.5 

10 

311 

40S1 

0,25/70 

0.86 

2.59 

62,5 

07-039 

0.05 

1.5 

10 

312 

4081 

0.25/70 

2.60 

3.09 

141.0 

07-039 

0.05 

1.3 

10 

"313 

4001 

0,25/70 

1.50 

2.47 

92.0 

03-014 

0.05 

1.5 

10 

NOTE  4 

314 

4081 

0.25/70 

1.37 

2.47 

66.5 

03-014 

0.05 

1.5 

10 

515 

4081 

0,25/70 

1.24 

2.47 

81.0 

03-014 

0.05 

1.5 

10 

316 

4081 

0.25/70 

1.06 

2,50 

75.5 

03-014 

0.05 

1.5 

10 

517 

4061 

0,25/70 

0.95 

2.52 

70.0 

03-014 

0.05 

1.5 

10 

318 

4001 

0.25/7e 

0.79 

2.57 

64.5 

03-014 

0.05 

1.5 

10 

“SIT- 

" 4051 

0.25/70 

2,57 

3.00 

139.5 

03-014 

0.05 

1.5 

10 

320 

4078 

0,25/70 

1.45 

2.53 

90.0 

07-039 

0.05 

1.5 

1 

321 

4075 

0,25/70 

1.45 

2.53 

90.0 

07-039 

0.05 

1.5 

2 

322 

4078 

0.25/70 

1.45 

2.53 

90.0 

07-039 

0.05 

1.5 

4 

323 

4078 

0,25/70 

1.45 

2.53 

90.0 

07-039 

0.05 

1.5 

0 

324 

4078 

0,25/70 

1.45 

2.53 

90.0 

07-039 

0,05 

1.5 

16 

325 

' 4075 

0,25/70 

1.45 

2.53 

90,0 

07-039 

0.05 

1.5 

32 

326 

4078 

0,25/70 

1.45 

2.53 

90,0 

07-039 

0.05 

1.5 

64 

327 

4078 

0,25/70 

1.45 

2.53 

90.0 

07-039 

0.05 

1.5 

129 

326 

4078 

0.25/70 

1.45 

2.53 

90,0 

07-039 

0.05 

1.5 

259 

329 

4078 

0,25/70 

1.24 

2.60 

67.0 

15-279 

0.05 

1.5 

32 

330 

4078 

0,25/70 

1.10 

2.00 

61.5 

15-279 

0.05 

1.5 

32 

"3sr 

“ T971 

9,25/70 

0.98 

2.63 

75.5 

15-279 

0,05 

1.5 

32 

332 

4078 

0,25/70 

0.88 

2.69 

70,4 

15-279 

0.05 

1.5 

32 

333 

4078 

0,25/70 

0.72 

2.76 

64,5 

15-279 

0.05 

1.5 

32 

334 

4078 

0,25/70 

0.81 

2.81 

59,0 

15-279 

0,06 

1.5 

32 

333 

4078 

0,25/70 

0.00 

3.72 

12.0 

15-279 

0,05 

1.5 

32 

336 

4081 

0,25/70 

1.27 

2.50 

07.0 

14-192 

0.05 

1.5 

32 

“337- 

3591' 

0,25/70 

1.09 

2.52 

81,5 

14-192 

0,05 

1.5 

32 

336 

4081 

0,25/70 

0.97 

2.54 

76.0 

14-192 

0.05 

1.5 

32 

339 

4061 

0,25/70 

0.83 

2.59 

71.0 

14-192 

0.05 

1.5 

32 

340 

4081 

0,25/70 

0,70 

2.65 

65.0 

14-192 

0,05 

1.5 

32 

341 

4981 

0,25/70 

0.56 

2.73 

59,5 

14-192 

0,05 

1.5 

32 

342 

4081 

0,25/70 

0.00 

3.35 

27,0 

14-192 

0.05 

1.5 

32 

343 

"4581 

0.25/70 

1.33 

2,50 

90.0 

13-150 

0.05 

1.5 

32 

344 

4061 

0.25/70 

1.16 

2.51 

84.5 

13-150 

0,05 

1.5 

32 

345 

4081 

0.25/70 

1,03 

2.54 

79.0 

13-150 

0,05 

1.5 

32 

346 

4081 

0.25/70 

0.92 

2.56 

73.5 

13-150 

0,05 

1.5 

32 

347 

4581 

0,25/70 

0.78 

2.63 

68.0 

13-150 

0.05 

1*5 

32 

340 

4061 

0,25/70 

0.05 

2.69 

62.5 

13-150 

0,05 

1.5 

32 

"ur 

3111 

0,25/70 

0.00 

3.40 

25,5 

13-150 

0.05 

1.5 

32 

390 

4061 

0,25/70 

1.39 

9,49 

91.5 

12-113 

0,05 

1.5 

32 

351 

4081 

0.25/70 

1.25 

2.50 

66.0 

12-113 

0.05 

1.5 

32 

352 

4081 

0,25/70 

1.10 

2.52 

60.5 

12-113 

0,05 

1.5 

32 

353 

4081 

0.25/70 

0.95 

2,57 

75.0 

12-113 

0.05 

1.5 

32 

354 

4001 

0,25/70 

0.01 

2,61 

60.8 

12-113 

0.05 

1.5 

32 

395 

— mi 

9,25/70 

0.60 

2.60 

74.0 

12-113 

0,05 

1.5 

32 

356 

4001 

0,28/70 

0.00 

3.40 

25.0 

12-113 

0,05 

1.5 

32 

J57 

4070 

0,25/70 

1.34 

2.50 

91.0 

11-093 

0,05 

1.5 

32 

350 

4878 

0,28/70 

1.25 

2.51 

65.5 

11-093 

9,05 

1.5 

32 

359 

4570 

9,25/73 

1.00 

2.53 

00.0 

11-093 

0,05 

1.5 

32 

360 

4078 

0,25/70 

0,93 

2,57 

74.8 

11-093 

0.05 

1.5 

32 

301 

— ITT 

29/70 

0,00 

2.62 

69,0 

11-093 

0,05 

i.i 

32 

362 

*070 

0,25/70 

0,07 

2,00 

63,5 

11-093 

0,05 

1.5 

32 
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ULTRASONIC  TEST  DATA  LISTtO  BY  TEST  NUMBER , CONTINUED 


TEST 

SEMI  AC 

XDUCER 

XUUCtR  POSITION 

SAMPLE 

VOLT 

DELAY 

RDGS 

NR 

NUMBER 

D/ANGLE 

X-IN 

Y-IN 

THETA 

NUMBER 

♦ •PS 

X 1000 

A VGO  NOTES 

310 

320 

340 

350 

360 

410 

620 

920 

— 

363 

4 076 

0,25/76 

0.00 

3.38 

25.0 

11-093 

0.05 

1.3 

32 

364 

4078 

0,25/76 

1.47 

2.43 

92.0 

10-073 

0.05 

1.3 

32 

365 

4078 

0.25/76 

1.33 

2.43 

86.5 

10-073 

0,05 

1.3 

32 

366 

4078 

6,25/70 

1.19 

2.44 

81.0 

10-073 

0.06 

1.3 

32 

367 

4076 

0,23/76 

1.03 

2.48 

75,5 

10-073 

0.05 

1.3 

32 

368 

4076 

0,25/76 

0.90 

2.31 

70.0 

10-073 

0,05 

1.3 

32 

369 

4678 

0,23/70 

0.75 

2.57 

64.5 

10-073 

0.05 

1.5 

32 

376 

4078 

0,25/70 

0,00 

3.30 

24.0 

10-073 

0.05 

1.3 

32 

371 

4081 

0,23/70 

1.49 

2.43 

93.0 

00-054 

0.05 

1.3 

32 

372 

4081 

0,25/70 

1.33 

2.43 

87.5 

00-034 

0.05 

1.3 

32 

373 

4081 

0,25/70 

1.20 

2.46 

82.0 

09-034 

0,05 

1.3 

32 

374 

4081 

0,25/76 

0,99 

2.49 

75.5 

00-054 

0,05 

1.3 

32 

375 

4081 

0,25/70 

0,86 

2.53 

70,0 

09-054 

0.05 

1.5 

32 

376 

4081 

0.25/76 

0.71 

2,38 

64,5 

09-034 

0.05 

1.3 

32 

377 

4081 

0,25/70 

0.60 

2.66 

59,0 

00-054 

0.05 

1.3 

32 

376 

4081 

0,23/73 

0,00 

3.28 

28.0 

00-034 

0.05 

1.5 

32 

379 

4081 

6.23/60 

1,32 

2.70 

87,0 

13-279 

0.10 

1.3 

32 

386 

4081 

0.25/66 

1.20 

2.72 

81.5 

13-279 

0,10 

1.3 

32 

381 

4081 

0,23/60 

1,08 

2.78 

76.0 

13-279 

0.10 

1.3 

32 

362 

4081 

6,25/66 

0,94 

2.78 

70.5 

13-279 

0.10 

1.5 

32 

“383 

4061 

0,25/60 

0.82 

2.82 

65.0 

13-279 

0.10 

1.3 

32 

384 

4061 

6,25/60 

0.71 

2.88 

59.5 

13-279 

0,05 

1.5 

32 

385 

4081 

6,23/60 

0.14 

3.56 

18.0 

13-279 

0.05 

1.3 

32 

366 

4081 

0,25/60 

1.44 

2.66 

93.0 

14-192 

0.10 

1.3 

32 

367 

4081 

0.25/60 

1.30 

2.67 

87.5 

14-192 

0.10 

1.3 

32 

388 

4081 

0,25/60 

1.20 

2.68 

82.0 

14-192 

0.10 

1.3 

32 

389 

4061 

6,23/60 

1,08 

2.70 

76,5 

14-192 

0,05 

1.3 

32 

396 

4081 

0,23/60 

0,95 

2.74 

71.0 

14-192 

0,05 

1.3 

32 

391 

4081 

0,25/60 

0.83 

2.78 

65.5 

14-192 

0,05 

1.3 

32 

392 

4081 

0,25/60 

0.17 

3.43 

23.0 

14-192 

0,05 

1.3 

32 

393 

4081 

6,23/60 

1.38 

2.68 

91.0 

13-150 

0.10 

t • 5 

32 

394 

4081 

0,25/66 

1.27 

2.69 

85.5 

13-130 

0.10 

1.3 

32 

393 

4081 

0,23/66 

1,16 

2.69 

60.0 

13-150 

0, 05 

1.5 

32 

396 

4081 

6,25/50 

1.03 

2.71 

74.5 

13-150 

0.05 

1.3 

32 

397 

4081 

8,25/60 

0.90 

2.76 

69.0 

13-130 

0,05 

1.3 

32 

398 

4081 

6,23/60 

0.80 

2.82 

63.5 

13-150 

0,05 

1.3 

32 

399 

4081 

0,23/60 

0.16 

3.42 

25,0 

13-150 

0.05 

1.3 

32 

406 

4081 

0,25/60 

1.30 

2.68 

66.5 

12-113 

0.05 

1.8 

32 

401 

4081 

0,23/66 

1.20 

2.70 

81,0 

12-113 

0.05 

1.3 

32 

402 

4081 

0,25/60 

1.03 

2.72 

75.5 

12-113 

0,05 

1.3 

32 

“403 

4061 

0,25/60 

0.92 

2.76 

78.0 

12-113 

0,05 

1.3 

32 

404 

4081 

0.25/66 

0.60 

2.80 

64,5 

12-113 

0,05 

1.3 

32 

405 

4081 

6.25/60 

0.70 

2.86 

59.0 

12-113 

0.05 

1.3 

32 

406 

4081 

0,23/60 

0.16 

3,43 

25.5 

12-1  lw/ 

0.05 

1.5 

32 

407 

4081 

0,25/60 

1.28 

2.68 

86.0 

11-093 

0.10 

1.3 

32 

406 

4081 

6,25/60 

1.16 

2.88 

80.5 

11-093 

0.10 

1.5 

32 

"409 

4081 

0.25/60 

1.03 

2.71 

75,0 

11-093 

0.05 

1.3 

32 

416 

4081 

0,23/60 

0.92 

2.75 

69,5 

11-093 

0.05 

1.3 

32 

411 

4081 

0,25/60 

0.81 

2,79 

64.0 

11-093 

0.05 

1.5 

32 

412 

4061 

0.25/60 

0.70 

2.85 

50,5 

11-093 

0.05 

1.3 

32 

413 

4061 

0,25/60 

0.17 

3.43 

25,0 

11-093 

0.05 

1.3 

32 

414 

4061 

0,25/60 

1.32 

2.88 

87.0 

10-073 

0,05 

1.3 

32 

"415 

* 4081 

0,25/60 

1,16 

2.69 

61.5 

10-073 

0.05 

1.3 

32 

— 

416 

4081 

0,25/60 

1.03 

2.71 

76,0 

10-073 

B-7 

0.05 

1.3 

32 

ULTRASONIC  USi  OAT  A LISTED  BY  TEST  NUMBER,  CONTINUED 


TEST 

SERIAL 

XOUCtR 

XuUCth  POSITION 

SAMPLE 

VOLT 

DELAY 

RD68 

NR 

NU*dt« 

O/ANliLE 

X-IN 

Y-IN 

THETA 

NUMBER 

♦ •PS 

X 1000 

AV60  NOTES 

310 

328 

340 

350 

360 

410 

620 

920 

417 

4081 

0.25/60 

0.94 

2.74 

70.3 

10-073 

0.09 

1.9 

32 

4 i B 

4081 

0.23/60 

0.84 

2.79 

65.0 

10-073 

0.03 

1.9 

32 

419 

4091 

0,25/60 

3.73 

2.86 

59.3 

10-073 

0.05 

1.9 

32 

420 

4091 

0,25/60 

0.17 

3.40 

26.0 

10-073 

0.03 

1.3 

32 

421 

4091 

0.25/60 

1.34 

2.66 

89.0 

09-034 

0.09 

1.3 

32 

422 

4081 

0,23/60 

1.23 

2.68 

83.3 

09-034 

0.05 

1.5 

32 

423 

4081 

0,23/60 

1.20 

2,70 

78.0 

09-034 

0,09 

1.9 

32 

424 

4081 

0,25/60 

1.00 

2.73 

72.3 

09-034 

0.03 

1.9 

32 

423 

4081 

0.23/60 

0.87 

2.77 

67.0 

09-034 

0,09 

1.8 

32 

426 

4081 

0,23/60 

0.77 

2.83 

61.3 

09-034 

0.09 

1.9 

32 

427 

4081 

0,23/60 

0.17 

3.43 

25.0 

09-034 

0.05 

1.9 

32 

429 

4081 

0.23/60 

1.21 

2.69 

82.0 

08-048 

0.09 

1.9 

32 

429 

4081 

0,25/68 

1.08 

2.71 

76,5 

08-048 

0.05 

1.9 

32 

430 

4091 

0.25/60 

0.95 

2.73 

71.0 

08-048 

0.03 

1.9 

32 

431 

4001 

0.25/60 

0.84 

2.78 

63,3 

08-048 

0.05 

1.9 

32 

432 

4081 

0,25/60 

0,72 

2.94 

60.0 

08-046 

0.05 

1.9 

32 

433 

4081 

0.23/60 

0.61 

2.92 

54,3 

08-048 

0.05 

1.9 

32 

434 

4081 

0.25/60 

0.17 

3.42 

26.0 

08-048 

0.09 

1.9 

32 

435 

4081 

0,23/60 

1.24 

2.68 

93,3 

07-039 

0.05 

1.9 

32 

436 

4C81 

0.25/60 

1.12 

2.69 

78.0 

07-039 

0.03 

1.3 

32 

437 

4081 

0,25/60 

1.00 

2,73 

72.3 

07-039 

0.03 

1.9 

32 

439 

4091 

0.25/60 

0.86 

2.78 

67.0 

07-039 

0,05 

1.5 

32 

439 

4091 

0 ,25/60 

0.74 

2.83 

61.3 

07-039 

0.03 

1.9 

32 

440 

4081 

8,25/60 

0,64 

2.88 

56.0 

07-039 

0.03 

1.9 

32 

441 

4091 

0,25/68 

0.19 

3.41 

26.0 

07-039 

0.09 

1.9 

32 

442 

4081 

0.23/60 

1.31 

2.68 

87,3 

06-027 

0,05 

1.9 

32 

443 

4091 

0,25/60 

1.20 

2.68 

92.0 

06-027 

0.03 

1.3 

32 

444 

4091 

0,23/60 

1,09 

2.70 

76,3 

06-027 

0.03 

1.9 

32 

443 

4081 

0,23/60 

0.96 

2.74 

71.0 

06-027 

0,05 

1.9 

32 

446 

4081 

0,25/60 

0,84 

2.79 

63.3 

06-027 

0.03 

1.3 

32 

447 

4091 

0,25/60 

0.73 

2.84 

60,0 

06-027 

0.03 

1.3 

32 

449 

4081 

0.25/60 

0.17 

3.43 

26,0 

06-027 

0.09 

1.9 

32 

449 

4091 

0.23/60 

1.38 

0.68 

90.3 

09-022 

0.03 

1.9 

32 

430 

4091 

0,23/60 

1.25 

0,68 

83.0 

09-022 

0.08 

1.9 

32 

451 

4091 

0,25/60 

1.13 

0.70 

79,3 

09-022 

0.03 

1.3 

32 

432 

4091 

0.23/60 

1.02 

0.72 

74,0 

09-022 

0.03 

1.9 

32 

453 

4881 

0,25/60 

0.88 

0.76 

68,3 

09-022 

0.03 

1.9 

32 

454 

4081 

0.25/60 

0.77 

0.82 

63.0 

09-022 

0.09 

1.9 

32 

435 

4091 

0,25/68 

0.17 

1.42 

26.0 

05-022 

0.09 

1.9 

32 

456 

4081 

0,25/60 

1.30 

2.66 

93.3 

04-010 

0.09 

1.9 

32 

457 

4091 

0.23/30 

1.17 

2.69 

80.0 

04-016 

0.09 

1.9 

32 

459 

4091 

0,23/60 

1.03 

2.71 

74,3 

04-016 

0.05 

1.9 

32 

459 

4091 

0.23/6U 

0.92 

2.73 

69.0 

04-016 

8.09 

1.9 

32 

460 

4091 

0,23/68 

0.80 

2.80 

63.3 

04-016 

0.08 

1.9 

32 

461 

4081 

0,23/60 

— 0.69 

2.66 

38.0 

04-016 

0.03 

1.9 

32 

462 

4081 

0.23/68 

0.17 

3.42 

26,0 

04-016 

0.09 

1.9 

32 

463 

4081 

0.23/60 

1,30 

2.67 

86.0 

03-014 

0.09 

1.9 

32 

464 

4081 

0,25/60 

1,20 

2,68 

82,3 

03-014 

0,09 

1.9 

32 

463 

4091 

0.23/60 

1.07 

2,69 

77,0 

03-014 

0.09 

1.9 

32 

466 

4081 

0.23/60 

0.93 

2.72 

71.3 

03-014 

0.05 

1.9 

32 

467 

4091 

0,23/60 

0.83 

2.77 

66.0 

03-014 

0.09 

1.9 

32 

469 

4091 

0,23/60 

0.73 

2.84 

60.3 

03-014 

0.09 

1.9 

32 

469 

4081 

0,23/60 

0.17 

3.43 

23,0 

03-014 

0.09 

1.3 

32 

470 

4091 

0.23/60 

1.60 

2.68 

99,3 

02-011 

8.09 

1.9 

32 

B-8 


ULTRASONIC  TtSl  l)AT  A LISTED  BY  TEST  NUMBER,  CONTIiUfcC 


TEST 

serial 

XUUCER 

xouctR  position 

SAMPLE 

VOLT 

delay 

ROGS 

NR 

NUMBcR 

D/ANSlt 

X-IN 

Y-1N 

THETA 

NUMBER 

♦ -FS 

X1000 

A VGD  NOTES 

310 

323 

340 

360 

360 

410 

620 

920 

47  X 

4361 

3,25/63 

1.45 

2.68 

94.0 

02*011 

0.05 

1.5 

32 

472 

4081 

3,25/63 

1.34 

2.67 

88.5 

02-011 

0,05 

1.5 

32 

473 

4381 

3,25/60 

1.21 

2.68 

83.0 

02-011 

0.05 

1.5 

32 

474 

4061 

3.25/63 

1.10 

2.73 

77,5 

02-011 

0.05 

1.5 

32 

473 

4061 

0,25/63 

0.94 

2.73 

72.0 

02-011 

0.05 

1.5 

32 

476 

4361 

0,25/60 

0,17 

3.43 

25.0 

01-000 

0.05 

1.5 

32 

477 

4381 

3,25/60 

1.39 

2.66 

90,0 

01-000 

0,05 

1.5 

32 

47  6 

4361 

0,25/63 

1.24 

2,67 

84.5 

01-000 

0.05 

1.5 

32 

479 

4381 

0,25/63 

1.13 

2.69 

79.0 

01-000 

0,05 

1.5 

32 

483 

4061 

0,25/60 

1.00 

2.72 

73,5 

01-000 

0.05 

1.5 

32 

481 

4061 

3,25/60 

0.87 

2.77 

68.0 

01-000 

0,05 

1.5 

32 

482 

4261 

3.25/60 

0,76 

2.83 

62,5 

01-000 

0.05 

1.5 

32 

483 

4361 

0.25/60 

0.15 

3.44 

24.0 

01-000 

0.05 

1.5 

32 

464 

4381 

0,25/60 

1.39 

2.67 

91.0 

00-000 

0.05 

1.5 

32 

485 

4381 

0,25/60 

1.28 

2.66 

85,5 

00-000 

0,05 

1.5 

32 

486 

4361 

0.25/63 

1.14 

2.69 

80.0 

00-000 

0.05 

i.s 

32 

487 

4381 

0,25/60 

1.03 

2.73 

74,5 

00-000 

0.05 

1.5 

32 

488 

4081 

3.25/60 

3.92 

2.76 

69,0 

00-000 

0.05 

1.5 

32 

489 

4081 

0,25/60 

0.79 

2.82 

63.5 

00-000 

0.05 

1.5 

32 

493 

4061 

0.25/63 

0.17 

3.43 

26,0 

00-000 

0,05 

1.5 

32 

491 

4061 

0,25/60 

1.32 

2.70 

87.0 

15-279 

0.05 

1.5 

32 

492 

4061 

3,25/53 

1,19 

2.71 

81.5 

15-279 

0.05 

1.5 

32 

493 

4061 

0,25/60 

1.07 

2.73 

76.0 

15-279 

0.05 

1.5 

32 

494 

4081 

0.25/60 

0.95 

2.76 

70.5 

15-279 

0.05 

1.5 

32 

495 

4061 

0,25/60 

0.84 

2.82 

65. 0 

15-279 

0.05 

1.5 

32 

496 

4061 

0,25/60 

0.73 

2.86 

59.5 

15-279 

0,05 

l.S 

32 

497 

4081 

0,25/60 

2.65 

3.74 

167.0 

15-279 

0.05 

1.5 

32 

498 

4081 

3.25/60 

1.46 

2.70 

93,5 

14-192 

0.10 

1.5 

32 

499 

4061 

0,25/60 

1.34 

2.70 

88,0 

14-192 

0.10 

1.5 

32 

503 

4061 

0,25/60 

1.20 

2.70 

82.5 

14-192 

0.10 

1.5 

32 

501 

4081 

0,25/63 

1.08 

2.73 

77.0 

14-192 

0.05 

1.5 

32 

502 

4361 

3,25/60 

0.97 

2.76 

71.5 

14-192 

0.05 

1.5 

32 

503 

4061 

0.25/60 

0.65 

2.90 

66.0 

14-192 

0.05 

1.5 

32 

504 

4061 

0,25/60 

2.63 

3.71 

164.5 

14-192 

0.05 

1.3 

32 

505 

4081 

0,25/60 

1.59 

2.72 

99.5 

13-150 

0.05 

1.5 

32 

506 

4061 

0.25/60 

1.44 

2.68 

94,0 

13-150 

0,05 

1.5 

92 

507 

4081 

0,25/60 

1.33 

2,68 

88,5 

13-150 

0.05 

1.5 

32 

508 

4081 

0.25/60 

1.22 

2.70 

83.0 

13-150 

0,05 

1.5 

32 

509 

4061 

0.25/60 

1.10 

2.72 

77.5 

13-150 

0.05 

1.5 

92 

513 

4081 

0,25/60 

0.97 

2.76 

72.0 

13-150 

0.05 

1.5 

92 

511 

4081 

3,25/60 

2.63 

3.67 

166.0 

13-150 

0.05 

1.5 

32 

512 

4061 

0,25/63 

1.34 

2.70 

87.5 

12-119 

0.05 

1.5 

32 

513 

4061 

0,25/60 

1,20 

2.70 

82.0 

12-113 

0,05 

1.5 

92 

514 

4061 

0.25/63 

1.10 

2.73 

76,5 

12-119 

0.05 

1.5 

32 

515 

4061 

0.25/60 

0.97 

2,77 

71.0 

12-113 

0.05 

1.5 

32 

516 

4081 

0,25/60 

0.83 

2.81 

65.5 

12-113 

0.05 

1.9 

32 

517 

4081 

0,25/60 

0.73 

2.87 

60.0 

12-113 

0.05 

1.5 

32 

518 

4081 

0,25/60 

2.62 

3.59 

160,5 

12-119 

0.05 

1.9 

32 

519 

4081 

0.25/60 

1.27 

2.69 

65.5 

11-093 

0.05 

1.9 

32 

523 

4081 

0,25/60 

1.16 

2.70 

80.0 

11-093 

0,05 

1.9 

32 

521 

4081 

0.25/60 

1.03 

2.73 

74.5 

11-093 

0.05 

1.9 

32 

522 

4081 

0.25/60 

0.91 

2.77 

69.0 

11-093 

0.05 

1.9 

32 

523 

4081 

0.25/60 

0.90 

2.82 

63.5 

11-093 

0.05 

1.9 

32 

524 

4061 

0.25/60 

0.68 

2,69 

58,0 

11-093 

0.05 

1.9 

32 

B-9 


ultrasonic 

TESi 

OATA 

LISTEO 

BY  TEST 

NUMBER,  CONTINUED 

TEST 

SE*I  AL 

XDUCER 

XUUCth  POSITION 

SAMPLE 

VOLT 

DELAY 

ROCS 

NR 

NUMflfcR 

0/ ANULt 

X-IN 

Y-1N 

Theta 

NUMBER 

♦ -FS 

X1000 

A VCD  NOTES 

310 

320 

340 

350 

360 

410 

620 

920 

525 

4081 

0.25/60 

2,62 

3,64 

161,0 

11-093 

0.05 

1.5 

32 

526 

4001 

0.25/60 

1,64 

2.72 

101,0 

10-073 

0.05 

i.5 

32 

527 

4001 

0,25/60 

1.53 

2.68 

95,5 

10-073 

0,05 

1,5 

32 

526 

4081 

0.25/60 

1.38 

2.70 

90,0 

10-073 

0,05 

1.5 

32 

529 

4081 

0,25/60 

1.27 

2.70 

84.5 

1 0-073 

0.05 

1.5 

32 

550 

4081 

0.25/60 

1.14 

2,72 

79,0 

10-073 

0.05 

1.5 

32 

531 

408  1 

0.25/60 

1.03 

2.74 

73,5 

10-073 

0.05 

1.5 

32 

532 

4001 

0,25/60 

2.67 

3.78 

169.0 

10-073 

0.05 

1.5 

32 

533 

4081 

0,25/60 

1.43 

2.69 

91,0 

09-054 

0.05 

1.5 

32 

534 

4001 

0,25/60 

1,29 

2.70 

85,9 

09-034 

0,05 

1.5 

32 

~335 

4001 

0.25/60 

1.17 

2.72 

80,0 

09-054 

0.05 

1.5 

32 

536 

4001 

0,25/60 

1.03 

2.74 

74.5 

09-054 

0,05 

1.5 

32 

537 

4081 

0,25/60 

0.91 

2.78 

69.0 

09-054 

0.05 

1.5 

32 

538 

4001 

0.25/60 

0.82 

2.92 

63,5 

09-054 

0.05 

1.5 

32 

539 

4081 

0,25/60 

2.64 

3.61 

162.5 

09-054 

0.05 

1.5 

32 

540 

4081 

0,25/60 

1.30 

2.70 

86.0 

08-046 

0.05 

1.5 

32 

“541 

4081 

0,25/60 

1.16 

2.72 

80,5 

08-048 

0.05 

1.5 

32 

542 

4031 

0,25/60 

1.03 

2.73 

75.0 

08-048 

0.05 

1.5 

32 

543 

4081 

0.25/60 

0.90 

2.77 

69.5 

08-046 

0.05 

1.5 

32 

544 

400  1 

0,25/60 

0.81 

2.82 

64,0 

08-048 

0.05 

1.5 

32 

545 

4081 

0.25/60 

0.76 

2.90 

58,5 

08-048 

0,05 

1.5 

32 

546 

4081 

0.25/60 

2.62 

3.57 

160.5 

08-048 

0.05 

1.5 

32 

547 

4001 

0.25/60 

1.28 

2.68 

86,0 

07-039 

0.05 

1.5 

32 

548 

4081 

0,25/60 

1.17 

2.71 

80.5 

07-039 

0.03 

1.5 

32 

549 

4081 

0,25/60 

1.04 

2.74 

75,0 

07-039 

0.05 

1.5 

32 

550 

4081 

0.25/60 

0.92 

2.78 

69,5 

07-039 

0.05 

1.5 

32 

551 

4081 

0,25/60 

0.82 

2.82 

64.0 

07-039 

0.05 

1.5 

32 

552 

4081 

0,25/60 

0.71 

2.87 

58.5 

07-039 

0.05 

1.0 

32 

553 

' 4081 

0,25/60 

2.63 

3.66 

164,0 

07-039 

0.05 

1.5 

32 

554 

4081 

0,25/60 

1.56 

2.70 

97.0 

06-027 

0.05 

1.5 

32 

555 

4001 

0,25/60 

1.43 

2.70 

91,5 

06-027 

0,05 

1.5 

32 

556 

4001 

0.25/60 

1.31 

2.70 

86,0 

06-027 

0.05 

1.5 

32 

557 

4081 

0.25/60 

1.18 

2.70 

80.5 

06-027 

0.05 

1.5 

32 

558 

4081 

0.25/60 

1.06 

2.73 

75,0 

06-027 

0.05 

1.5 

32 

559 

4081 

0.25/60 

0.93 

2.77 

69.5 

08-027 

0.05 

1.5 

32 

560 

4081 

0.25/60 

2.64 

3.69 

163,0 

06-027 

0.05 

1.5 

32 

561 

4081 

0,25/60 

1.23 

0.70 

83.0 

05-022 

0.05 

1.5 

32 

562 

4081 

0.25/60 

1.10 

0.72 

77.5 

05-022 

0.05 

1.5 

32 

563 

4081 

0.25/60 

1.00 

0.74 

72.0 

05-022 

0.05 

1.5 

32 

564 

4081 

0,25/60 

0.89 

0.77 

66,5 

05-022 

0.05 

1.5 

32 

565 

41181 

0,25/60 

0.77 

0.86 

61.0 

03-022 

0.05 

1.5 

32 

566 

4081 

0,25/60 

0,67 

0,69 

55.5 

03-022 

0.05 

1.5 

32 

567 

4081 

0,25/60 

2.62 

1.58 

161.5 

03-022 

0,05 

1.5 

32 

568 

4081 

0.25/60 

1.53 

2.72 

96.0 

04-018 

0,05 

1.5 

32 

559 

4081 

0,25/60 

1.41 

2.68 

90,5 

04-018 

0.00 

1.0 

32 

570 

4081 

0,25/60 

1.30 

2.69 

65.0 

04-018 

0.05 

1.5 

32 

TTT 

478 1 

0,25/60 

1.17 

2.70 

79.5 

04-018 

0.00 

1.5 

32 

572 

4081 

0,23/60 

1.03 

2.73 

74,0 

04-018 

0.05 

1.0 

32 

573 

4081 

0,29/60 

0.92 

2.77 

66,5 

04-018 

0.00 

1.5 

32 

574 

4081 

0.29/60 

2.61 

3.55 

160,0 

04-018 

0.05 

1.0 

32 

575 

4081 

0,25/60 

1.32 

2.68 

67.0 

03-014 

0.00 

1.5 

32 

576 

4081 

0,29/60 

1.19 

2.70 

81.5 

03-014 

0.05 

1.0 

32 

srr  — IBIl" 

9,25/60 

1.00 

2.72 

76.0 

03-014 

0.00 

1.5 

11 

578 

4081 

0,25/60 

0,94 

2.75 

70.5 

03-014 

0.00 

1.5 

32 

B-10 
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ULTHA60NIC  test  Data  listed  by  test  number#  continued 


i 


test 

SERIAL 

XOUCER 

XOUCtR  POSITION 

SAMPLE 

VOLT 

DELAY 

ROSS 

NR 

NO MdtR 

J/ AN'jLE 

X-lN 

V-IN 

THETA 

NUMBER 

♦ •PS 

X1000 

A VGO 

316 

122 

346 

350 

366 

410 

620 

920 

579 

4661 

6.25/66 

0.83 

2.80 

65.0 

03-014 

0.05 

1.5 

32 

586 

4681 

6,25/68 

8.71 

2.87 

59.5 

03-014 

0.05 

1.5 

32 

581 

4681 

6.25/60 

2.61 

3,57 

159.0 

03-014 

0.05 

1.5 

32 

582 

4681 

3.25/66 

1.55 

2.69 

97.0 

02-011 

0.05 

1.9 

32 

583 

4631 

6,25/66 

1.43 

2.68 

91.5 

02-011 

0.05 

1.5 

32 

584 

4381 

6.25/66 

1.31 

2.68 

46.0 

82-011 

0.05 

1.9 

32 

585 

4681 

6,25/66 

1.18 

2.70 

80,5 

02-011 

0.05 

1.5 

32 

586 

4661 

6,25/60 

1.07 

2.72 

75,0 

02-011 

0.05 

1.9 

32 

587 

4881 

6,25/66 

6.94 

2.75 

69.5 

02-011 

0.05 

1.5 

32 

586 

4881 

0.25/50 

2.64 

3.65 

163,5 

02-011 

0,05 

1.9 

32 

589 

4861 

0,25/60 

1.41 

2.68 

91.0 

01-000 

0.05 

1.5 

32 

596 

4881 

6.25/68 

1.29 

2.69 

85.5 

01-000 

0.05 

1.5 

32 

591 

4861 

0,25/66 

1.16 

2.71 

80.0 

01-000 

0,05 

1.9 

32 

592 

4881 

0.25/66 

1.05 

2.73 

74,5 

01-000 

0.05 

1.9 

32 

593 

4881 

2,25/60 

0.93 

2.77 

69.0 

01-000 

0,05 

1.5 

32 

594 

4831 

6,25/60 

0.81 

2.82 

63.5 

01-000 

0.09 

1.9 

32 

595 

4261 

2.25/60 

2.62 

3.57 

160.0 

01-000 

0.05 

1.5 

32 

596 

4681 

2,25/60 

1.54 

2.68 

97.0 

00-000 

0,05 

1.9 

32 

597 

4261 

0,25/66 

1.62 

2.68 

91.5 

00-000 

0.05 

1.5 

32 

598 

4861 

6.25/60 

1.31 

2.68 

86.0 

00-000 

0.05 

1.5 

32 

599 

4281 

3,25/60 

1.18 

2.70 

80.5 

00-000 

0.05 

1.5 

32 

6 86 

4861 

6,25/60 

1.05 

2.72 

75.0 

00-000 

0.05 

1.9 

32 

661 

4261 

0.25/60 

0.94 

2.74 

69.5 

00-000 

0.09 

1.9 

32 

662 

4281 

0,25/60 

2.64 

3.63 

163.0 

00-000 

0.05 

1.9 

32 

I HI 
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APPENDIX  B-2 

ULTRASONIC  TEST  DATA  LISTED  BY  SAMPLE  NUMBER 


ULTRASONIC  test  oata 
LlSlEU  BY  SAMPLE  NUMBER 


r 


*1 


THE  FOLLOWING  P t A U I N G DATA  IS  COMMON  TO  ALL  TESTSI 


LINE  NUMBER 

OtSCKlPTION 

23 

BaBCULK 

AND  H1LC0X 

CO 

33 

LYNCHBURG  RESEARCH 

I CENTER 

333 

XDUCtR 

PANAME  TR I 

NOM  PREQ 

10  MHZ 

403 

sample 

ALUMINUM  MPG 

METCUT 

913 

P/H 

PANAMETR ICS 

9092PR 

923 

P/R 

PULSER  RECvR 

l 

933 

P/R 

REP  PATE 

4 

943 

P/R 

ENERGY 

9 

998 

P/R 

DAMPING 

0,0 

963 

P/R 

attenuation/gain 

•0/440  OB 

618 

BE  173 

CH  A 

COUPLING 

DC  DC 

638 

BB108 

CM  A 

INPUT  OFFSET 

PLUS  ,00 

718 

98103 

CH  B 

INPUT/OFF 

OFF 

813 

Bt-103 

ARM 

(■ROM 

NONE 

e28 

B6100 

ARM 

UELAV 

0,00  K SAMPLES 

830 

Be  1 33 

ARM 

SOURCE 

EXT 

843 

tie  133 

ARM 

INTERNAL 

CH  A 

673 

96103 

ARM 

LEVEL 

0 X PS  INPUT 

918 

98103 

TRIGGER 

FROM 

9092PR  SYNC 

933 

8el08 

TRIGGER 

SOURCE 

EXT 

940 

be  loo 

TRIGGER 

INTERNAL 

CM  A 

993 

Bb  130 

TRIGGER 

slope 

PLUS 

960 

90108 

TRIGGER 

COUPLING 

DC 

973 

Be  l ou 

TRIGGER 

level 

PLUS  ,10  X PS 

1313 

B6108 

TIME  BASE 

SAMPLE  INTER V 

,01  US 

1323 

Heiea 

TIME  BASE 

SOURCE 

INTERNAL 

13  43 

aei08 

RECORD  MODE 

NORMAL 

1233 

COMMtNT 

COUPLANT 

hamikleer 

THE  FOLLOWING  MtAulNG  OaTa  CORRESPONDS  TO  THE  TEST  DATA  TABULATED  BELCH, 

THE  LINE  number  JS  GIVEN  ABOVE  THE  APPROPRIATE  CQLUPN, 

LINE  NUMdER  OcSCHlPTION 

sib  auucuh  panametric  serial  number 

323  XUUCtR  PANAMETRIC  DIAMETER(INCMES)/ANGLE(OEGREES) 

343  XOLCEM  POSITION  X (INCHES) 

393  XOUCER  PUS  I T I ON  T (INCHES) 

363  XL'UCcR  DIRECT  ICN  CC».  THETA  (DEGREES) 

4 1 id  SAMPLE  NUMBER 

623  9b l PM  CM  A INPUT  RANGE  PULL  SCALE  ♦ OR  • (VOLTS) 

920  d&ieid  trigger  time  base  oelav  increments  (x  ibbb) 

nOTEsj 

1.  the  LAST  column  HtADED  "NR  RCG"  CONTAINS  THE  NUMBER  OP  READINGS 
AVERAGED  FOR  TmE  TEST, 

THE  NUMBER  IN  THE  COLUMN  HEAClNbk  REFER  TO  THE  LINE  NUMBERS  ABOVE. 

2,  THE  NOMINAL  FREQUENCY  FOR  THIS  TRANSDUCER  (LINE  390)  IS  S MHZ. 

THE  CAMPING  OP  THE  9(992  PR  (LINE  S9B)  MAS  SET  AT  7.9  POR  THIS  TEST, 
9.  THE  ATTENUATlON/bAlN  (LINE  96R)  HAS  SET  AT  *6/440  POR  THIS  TEST, 

A,  THIS  TEST  n AS  INCuMRfcCTLY  NUMBEHEO  340  1NSTEA0  CP 
9.  PON  USTS  217,218,  AnO  496  THROUGH  462,  THE  SAMRLf  NUMBER 
SHOULO  BE  34*016,  NOT  04-016  AS  SHOHN, 

B-15 


UlTHASOMC  T t i>  i DATA  LISTED  BY  SAMPLE  NUMB  EH , CONTINUED 


f 


I 


TEST 

SE^ I al 

XDUCER 

XLULt*  POSITION 

SAMPLE 

vClT 

DELAY 

R0G8 

NR 

NUf'bfcH 

il  / ANULE 

X - 1 N 

Y-1N 

theta 

NUMBER 

♦ -FS 

X 1000 

AVCD  NOTES 

310 

320 

340 

350 

360 

410 

620 

920 

223 

4*81 

k>, 25/60 

00-000 

0.05 

2.0 

1 

268 

4081 

0,25/70 

1.56 

2.33 

90.0 

00-000 

0.03 

1.9 

1 

464 

4081 

0.25/60 

1.39 

2.67 

91.0 

00-000 

0.05 

1.9 

32 

486 

4081 

C.25/6PI 

1.28 

2.68 

85.5 

00-000 

0.05 

1.9 

32 

466 

4081 

0.25/60 

1 . 1 A 

2.69 

80.0 

00-000 

0.05 

1.9 

32 

467 

4*31 

0.25/60 

1.03 

2.73 

74.5 

00-000 

0.05 

1.9 

32 

468 

4081 

0.25/60 

0.9? 

2.76 

69,0 

00-000 

0,05 

1.9 

32 

469 

408  1 

0,25/60 

0.79 

2.82 

63.5 

00-000 

0.03 

1.9 

32 

4sa 

4081 

0,25/60 

0.17 

3.43 

26.0 

00-000 

0.05 

1.9 

32 

896 

4081 

0.25/60 

1.54 

2.68 

97.0 

00-000 

0.05 

1.9 

32 

567 

4081 

0.25/60 

1.02 

2.68 

91.5 

00-000 

0.03 

1.9 

32 

568 

4081 

0.23/60 

1.31 

2.68 

36.0 

00-000 

0.05 

1.9 

32 

596 

4081 

O.25/60 

1.18 

2.70 

80.5 

00-000 

0.05 

1.9 

32 

bt'O 

4081 

H. 25/60 

1.05 

2.7  2 

/ 5 . 0 

00-000 

0.05 

1.9 

32 

601 

4081 

0.25/60 

0.94 

2.74 

69.3 

00-000 

0.05 

1.9 

32 

602 

4081 

0.25/60 

2.64 

3.63 

163.0 

00-000 

0.05 

1.9 

32 

22  2 

4081 

0.25/00 

01-000 

0,05 

2.0 

1 

476 

4031 

0.25/60 

0.17 

3.43 

25.0 

01-000 

0.05 

1.9 

32 

477 

4081 

•1.25/60 

1.39 

2.66 

90.0 

01-000 

0.03 

1.9 

32 

478 

4081 

0.25/60 

1.24 

2 . o7 

84.3 

01-000 

0.05 

1.9 

32 

479 

4041 

0.25/60 

1.13 

2.69 

79.0 

01-000 

0.05 

1.9 

32 

488 

4031 

0,25/60 

1.00 

2,72 

73.5 

01-000 

0.05 

1.9 

32 

481 

40  61 

1.25/30 

0,87 

2.77 

68.0 

01-000 

0,05 

1.9 

32 

482 

4031 

1,25/60 

0.76 

2.33 

62.5 

01-000 

0.05 

1.9 

32 

463 

4081 

1,25/60 

0.15 

3.44 

24.0 

01-000 

0.05 

1.9 

32 

589 

4031 

0.25/60 

1.41 

2.68 

91.0 

01-000 

0.05 

1.9 

32 

590 

4081 

4,25/60 

1.29 

2.69 

83.3 

01-000 

0.03 

1.9 

32 

591 

4061 

0.25/60 

1.16 

2.71 

80.0 

01-000 

0.03 

1.9 

32 

592 

4081 

4.25/60 

1.05 

2.73 

74,3 

01-000 

0.05 

1.9 

32 

593 

4081 

1.25/60 

0.93 

2.77 

59.0 

01-000 

0.03 

1.9 

32 

594 

4031 

0.25/60 

0.81 

2.82 

63.5 

01-000 

0.05 

1.9 

32 

595 

4031 

0,25/60 

2.62 

3,57 

160.0 

01-000 

0.03 

1.9 

32 

224 

4031 

0.25/60 

02-011 

0.05 

2.0 

1 

2 21 

4081 

0,25/60 

02-011 

0.03 

2.0 

1 

269 

4081 

0.25/70 

1.60 

2.46 

90.3 

02-011 

0.05 

1.9 

1 

470 

4081 

0.25/60 

1.60 

2.68 

99.3 

02-011 

0.05 

1.9 

32 

471 

4031 

0.25/30 

1.45 

2.68 

94.0 

02-011 

0.03 

1.9 

32 

472 

4081 

1,25/60 

1.34 

2,67 

88.3 

02-011 

0.05 

1.9 

32 

473 

4081 

0,25/60 

1.21 

2.66 

83.0 

02-011 

0.03 

1.9 

32 

474 

4081 

0,25/60 

1.10 

2.70 

77.5 

02-011 

0.05 

1.9 

32 

473 

4031 

0,25/60 

0.94 

2.73 

72.0 

02-011 

0.05 

1.9 

32 

582 

4081 

0.25/60 

1.35 

2.69 

97.0 

02-011 

0.03 

1.9 

32 

383 

4081 

0.23760 

1.43 

2.66 

91.5 

02-011 

0.05 

1.9 

32 

584 

4061 

0.25760 

1.31 

2.66 

86.0 

02-011 

0,05 

1.9 

32 

585 

4081 

0.23/60 

1.16 

2.70 

80.3 

02-011 

0.05 

1.9 

32 

586 

4081 

0.25/60 

1.07 

2.72 

73,0 

02-011 

0.15 

1.9 

32 

587 

4081 

0.25/60 

0.94 

2.73 

69.5 

02-011 

0.0S 

1.9 

32 

588 

4081 

0.25/60 

2.64 

3.65 

163.3 

02-011 

0.13 

1.9 

32 

219 

4031 

0.25/60 

03-014 

0.13 

2.9 

1 

231 

4081 

0.23/60 

0.64 

2.70 

65.3 

03-014 

0.05 

1.9 

1 

235 

4001 

0.25/60 

1.37 

2.66 

• 7.0 

03-014 

0.91 

1.9 

11 
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ULTRASONIC  TESl  DATA  LISTED  BY  SAMPLE  NUMBER , COM  IMjEO 


TEST 

serial 

xuucew 

xouct*  KOSITICS 

sample 

volt 

OELAV 

RDC8 

NK 

NUMBER 

O/ANbLE 

X-IK 

V-1N 

theta 

number 

♦ -P  8 

X 1 001 

AV6D 

NOTES 

31? 

329 

34? 

33e 

360 

410 

628 

920 

239 

4261 

0,25/70 

1,2  2 

2.43 

61,0 

03-014 

0,05 

1.5 

25 

261 

4281 

0,25/79 

1.36 

2.44 

91.5 

03-014 

0,05 

1.5 

1C 

262 

4961 

0,25/70 

2.75 

3.25 

130.0 

03-014 

0.05 

1.5 

10 

263 

4261 

0,25/70 

2.72 

4.80 

210,0 

03-014 

0,05 

1.9 

10 

264 

4961 

0.25/70 

1.34 

5.55 

279,0 

03-014 

0.05 

1.5 

10 

2e6 

4261 

0,25/70 

0.23 

4.76 

330,0 

03-014 

0,05 

1.5 

10 

266 

4261 

0,25/70 

0.23 

3.19 

30.0 

03-014 

0,05 

1.5 

16 

2M 

4281 

0.25/70 

0,67 

3.19 

7V.0 

03-014 

0.05 

i.s 

10 

268 

4281 

0.25/70 

0,67 

3.19 

70.0 

03-014 

0.05 

1.5 

1 

269 

4281 

0.25/72 

1.17 

5,53 

276,5 

03-014 

0,05 

1.5 

10 

276 

4281 

0.25/70 

1.39 

2.42 

67.5 

03-014 

0.05 

1.5 

10 

277 

4981 

0.25/70 

1.39 

2.42 

87.5 

03-014 

0,05 

1.9 

10 

266 

4261 

0.25/70 

1.39 

2.42 

67.5 

03-014 

0,05 

1.5 

10 

267 

4261 

0.25/70 

1.39 

2.42 

87.5 

03-014 

0,05 

1.5 

10 

313 

4261 

0.25/79 

1.50 

2.47 

92.0 

03-014 

0,05 

1.5 

10 

NOTE  4 

314 

4961 

0.25/70 

1,37 

2.47 

86,5 

03-014 

0,05 

1.9 

10 

316 

4261 

0,25/70 

1.24 

2.47 

61,0 

03-014 

0.05 

1.9 

10 

316 

• 261 

0.25/70 

1.06 

2.50 

75.5 

03-014 

0.05 

1.5 

10 

317 

4261 

0,25/70 

0.95 

2.52 

79.0 

03-014 

0.05 

1.5 

10 

316 

4261 

0,25/79 

6.79 

2.37 

64,5 

03-014 

0.05 

1.5 

10 

319 

4281 

0.25/70 

2.57 

3.06 

139.5 

03-014 

0.05 

1.5 

10 

463 

4961 

0,25/60 

1.30 

2.67 

68.0 

03-014 

0.05 

1.9 

32 

464 

4061 

0.25/60 

1.20 

2.66 

82,5 

03-014 

0.05 

1.5 

32 

466 

4081 

0.25/60 

1.07 

2.69 

77.0 

03-014 

0.05 

1.5 

32 

466 

•*>ei 

0,25/69 

0.95 

2.72 

71.5 

03-014 

0.05 

1.5 

32 

467 

4981 

0,25/60 

9.63 

2.77 

66.0 

03-014 

0,05 

1.9 

32 

468 

4061 

0.25/60 

9.73 

2.64 

60.5 

03-014 

0,05 

1.5 

32 

469 

4261 

0,25/60 

0.17 

3,43 

25.0 

03-014 

0,05 

1.9 

32 

575 

4061 

0.25/60 

1.32 

2.68 

67.0 

03-014 

0,05 

1.5 

32 

576 

4061 

0.25/60 

1.19 

2.70 

61,5 

03-014 

0,05 

1.5 

32 

577 

4081 

0,25/60 

1.00 

2.72 

76.0 

03-014 

0,05 

1.9 

32 

578 

40H  1 

0,25/60 

0,94 

2.75 

70.5 

03-014 

0,05 

1.5 

32 

679 

4081 

0.25/60 

0.63 

2.80 

85.0 

03-014 

0,05 

1.5 

32 

564 

4681 

0.25/60 

0.71 

2.87 

39.5 

03-014 

0.05 

1.9 

32 

581 

4061 

0.25/60 

2.61 

3,37 

159.0 

03-014 

0.05 

1.6 

32 

217 

4081 

0,25/60 

04-016 

0,05 

2.0 

1 

NOTE 

218 

4081 

0,28/60 

04-016 

0.05 

2.0 

1 

NOTE 

456 

4061 

0.25/60 

1.30 

2.66 

85.5 

04-016 

0,05 

1.9 

32 

NOTE 

457 

4081 

0.25/60 

1.17 

2.69 

80.0 

04-016 

0,05 

1.9 

32 

NOTE 

458 

4661 

0.21/60 

1.03 

2.71 

74,5 

04-016 

0.05 

1.9 

32 

NOTE 

459 

4081 

0,25/60 

0.92 

2.75 

69.0 

04-016 

0,05 

1.9 

SI 

NOTE 

464 

4061 

0.25/60 

0.60 

2.80 

63.5 

04-016 

0.05 

1.9 

32 

NOTE 

461 

4061 

0.25/60 

0.69 

2.66 

50.0 

04-016 

0,05 

1.5 

32 

NOTE 

462 

4081 

0.25/60 

0,17 

3.42 

26.0 

04-016 

0,05 

1.9 

32 

NOTE 

568 

4061 

0.28/60 

1.33 

2,72 

96,0 

04-018 

0,05 

1.9 

31 

569 

4081 

0,28/60 

1.41 

2.68 

90.5 

04-010 

0,05 

1.5 

32 

576 

4081 

0.25/60 

1.30 

2.69 

05,9 

04-010 

0,05 

1.9 

32 

571 

4081 

0.25/60 

1.17 

2.70 

70.5 

04-010 

0.05 

1.0 

32 

572 

4081 

0,25/00 

1,03 

2.73 

74.0 

04-010 

0,05 

1.9 

32 

573 

4881 

0.25/60 

0.92 

2.77 

00.5 

04-010 

9,05 

1.9 

31 

574 

4*01 

0,25/60 

2.61 

3,55 

100.0 

94-019 

0.90 

1.9 

32 
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ULTRASONIC  TE5  t OATA  LISTED  SY  SAMPLE  NUMBER,  CONTINUED 


TEST 

serial 

xDUCE* 

XDUCtN  POSITION 

sample 

volt 

DELAY 

RDGS 

NR 

number 

d/angle 

X-IN 

Y-lN 

theta 

number 

♦ -PS 

X 1002 

AVGD  NOTES 

310 

320 

340 

350 

360 

410 

620 

922 

216 

4061 

0,23/60 

09-022 

0.05 

2,0 

1 

449 

4061 

0.23/60 

1.38 

0,68 

90.5 

09-022 

0,05 

1.5 

32 

492 

4081 

0.23/60 

1,25 

0,68 

85.0 

09-022 

0,09 

1.5 

32 

491 

4081 

0,23/60 

1.13 

0.70 

79.9 

09-022 

0.05 

1.5 

32 

492 

4081 

0,23/60 

1,02 

0.72 

74,0 

03-022 

0.05 

1.5 

32 

493 

4081 

0.23/60 

0.88 

0.76 

68.9 

09-022 

0.05 

1.5 

32 

494 

4081 

0,25/60 

0.77 

0.82 

63.0 

09-022 

0,09 

1.9 

32 

499 

4061 

0,23/60 

0,17 

1.02 

26.0 

09-022 

0,05 

1.9 

32 

361 

4081 

0,23/60 

1.23 

0.70 

83,0 

09-022 

0,05 

1.9 

32 

362 

4081 

0,23/60 

1.10 

0,72 

77.9 

09-022 

0,05 

1.9 

32 

“393 

4081 

0.29/60 

1.00 

0.74 

72.0 

09-022 

0.09 

1.9 

32 

964 

4081 

0.23/60 

0.85 

0,77 

66.5 

09-022 

0,09 

1.9 

32 

565 

4061 

0,23/60 

0.77 

0,86 

61.0 

09-022 

0.05 

1.9 

32 

566 

4081 

0,23/60 

0.67 

0.89 

93.9 

09-022 

0,05 

1.3 

32 

557 

4081 

0,23/60 

2.62 

1.98 

161.9 

09-022 

0.05 

1.9 

32 

"515 

4061 

0,29/60 

06-027 

0,09 

2.0 

1 

442 

4381 

0,29/60 

1,31 

2.66 

87,3 

06-027 

0.05 

1.9 

32 

443 

4051 

0,29/60 

1,20 

2.68 

62.0 

06-027 

0.05 

1.9 

32 

444 

4081 

0.29/60 

1.00 

2.70 

76.3 

06-027 

0.05 

1.9 

32 

445 

4061 

0.23/60 

0.96 

2.74 

71.0 

06-027 

0.05 

1.9 

32 

446 

4081 

0,23/60 

0.84 

2.79 

65.9 

06-027 

0.05 

1.9 

32 

447 

4081 

0.23/60 

0.73 

2.84 

60,0 

06-027 

0.05 

1.9 

32 

446 

4061 

0.29/60 

0.17 

3.43 

26.0 

06-027 

0.09 

1.9 

32 

554 

4081 

0.23/60 

1,96 

2.70 

97.0 

06-027 

0,09 

32 

999 

4081 

0.29/60 

1.43 

2.70 

91.5 

06-027 

0,05 

1*9 

32 

556 

4051 

0.29/60 

1.31 

2.70 

86.0 

06-027 

0,05 

32 

957 

4081 

0,29/60 

1,18 

2.70 

60,9 

06-027 

0,05 

1*9 

32 

~53B  ' 

- 4081 

0,23/60 

1,06 

2.73 

75.0 

06-027 

0,05 

1.9 

32 

559 

4081 

0.29/60 

0.93 

2.77 

69.9 

06-027 

0,05 

1,9 

32 

360 

4081 

0,29/60 

2.64 

3.69 

163.0 

06-027 

0,05 

32 

320 

4078 

0,29/70 

1.49 

2.33 

90.0 

07-030 

0.05 

1.9 

1 

321 

4078 

0.23/70 

1.45 

2.53 

00,0 

07-039 

0,05 

1.9 

2 

“322 

'4378 

0,23/70 

1.49 

2.93 

90,0 

07-039 

0,09 

4 

323 

4078 

0,23/70 

1.49 

2.93 

90,0 

07-039 

0,09 

1.9 

8 

324 

4575 

0,25/70 

1.45 

2.53 

90.0 

07-039 

0,05 

1.9 

16 

329 

4078 

0,23/70 

1.45 

2.93 

90.0 

07-039 

0,05 

1.9 

325 

4075 

0,23/70 

1.45 

2,93 

90.0 

07-039 

0,05 

1.9 

327 

4076 

0,23/70 

1.49 

2.93 

90.0 

07-039 

0.05 

1.9 

120 

328' 

4376 

0,23/70 

1.45 

2.93 

90,0 

07-039 

0,05 

1.9 

299 

214 

4081 

0,23/60 

07-039 

0,05 

2.0 

1 

230 

4091 

0,25/60 

1.25 

2.67 

83,3 

07-039 

0,05 

1.9 

1 

234 

4081 

0,23/60 

1.33 

2.69 

66.0 

07-039 

0,50 

1.9 

10 

235 

4551 

0,23/70 

1,37 

2.36 

05.5 

07-039 

0,05 

1.9 

29 

294 

4061 

0,23/70 

1.42 

2.44 

91.0 

07-039 

0,05 

1.9 

10 

“235 

4061 

0.29/70 

2.79 

3.25 

190.0 

07-039 

0,05 

1.9 

10 

296 

4081 

0,23/70 

2.72 

4.77 

210.0 

07-039 

0,05 

1.9 

10 

237 

4081 

0,23/70 

1,37 

9,59 

270.0 

07-039 

0,05 

1.9 

10 

256 

4061 

0,29/70 

0.05 

4,75 

330.0 

07-039 

0,05 

1.9 

10 

299 

4081 

0,29/70 

0,05 

3,10 

30,0 

07-039 

0.05 

1.9 

260 

4001 

0,29/70 

0,07 

2.94 

70,0 

07-039 

0,05 

1.9 

10 

~2T4 

4901' 

0,29/70 

1.47 

2.43 

90,0 

07-039 

0,05 

1.9 

279 

*4001 

0,29/70 

1.47 

2.43 

90,0 

07-039 

0,05 

1.9 

10 
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ULTRASONIC  test  data  listed  by  sample  number,  continued 


TEST 

St*I AL 

XulJCER 

XCUCtK  POSITION 

sample 

volt 

DELAY 

RDG8 

NR 

N J M 0 E R 

0/  ANGLE 

X»  IN 

Y-IN 

theta 

NUMBER 

♦»ps 

X1000 

AVGO  NOTES 

310 

320 

340 

350 

360 

410 

620 

920 

28  4 

4031 

0.25/70 

1.47 

2.43 

90.0 

07 

039 

0.03 

1.5 

10 

283 

4001 

2.25/70 

1.47 

2.43 

90.0 

07 

039 

0.03 

1.5 

10 

326 

4091 

0.25/70 

1.44 

2.48 

90.0 

0/ 

039 

0.03 

1.5 

10 

307 

4081 

0.25/70 

1.32 

2.48 

84,5 

0/ 

039 

0.03 

1.5 

10 

308 

4081 

0.23/70 

1.17 

2.49 

79.0 

0/ 

039 

0.05 

1.5 

10 

309 

4291 

0,25/70 

1.03 

2.50 

73.5 

07 

039 

0.03 

1.5 

10 

312 

4001 

0.25/70 

0.86 

2.54 

68.0 

0/ 

039 

0.03 

1.5 

10 

311 

4381 

0.25/70 

0,86 

2.59 

62.5 

0/ 

039 

0.05 

1.5 

10 

312 

4001 

0,23/70 

2.60 

3,09 

141.0 

07 

039 

0.05 

1.5 

10 

433 

4001 

0.25/60 

1.2« 

2.68 

83.5 

07 

039 

0,03 

1.5 

32 

43o 

4081 

0.25/60 

1.12 

2.69 

76.0 

07 

039 

0.03 

1.5 

32 

43/ 

4001 

0.23/60 

1.00 

2.73 

72.3 

07 

039 

0.03 

1.5 

32 

438 

4081 

0,23/62 

0,86 

2.78 

67,0 

07 

039 

0.03 

1.5 

32 

439 

4061 

0.25/60 

0.74 

2.83 

61.3 

0/ 

039 

0.03 

1.5 

32 

440 

4081 

0.25/60 

0,64 

2.88 

56.0 

07 

039 

0.05 

1.5 

32 

441 

4081 

0.25/60 

0.19 

3.41 

26,0 

07 

039 

0.03 

1.5 

32 

547 

4081 

0.25/60 

1.28 

2.66 

86.0 

Z7 

039 

0.05 

1.5 

32 

348 

4081 

0.25/60 

1.17 

2.71 

80.3 

07 

039 

0.03 

1.5 

32 

549 

4281 

0.25/60 

1.04 

2.74 

75.0 

07 

939 

0.03 

1.5 

32 

352 

4281 

0.25/60 

0.92 

2.78 

69.3 

07 

039 

0.05 

1.5 

32 

551 

4081 

0.25/68 

0.8? 

2.82 

64.0 

07 

039 

0.05 

1.5 

32 

552 

4081 

0,25/60 

0.71 

2.87 

58,3 

07 

039 

0,03 

1.5 

32 

553 

4201 

0.25/60 

2.63 

3.66 

164.0 

07 

839 

0.05 

1.5 

32 

213 

4281 

0.25/60 

08 

048 

0.03 

2.0 

1 

428 

4281 

0.25/60 

1.21 

2.69 

82.0 

08 

048 

0.03 

1.5 

32 

429 

4081 

0.23/60 

1.06 

2.71 

76.3 

08 

048 

0.05 

1.5 

32 

430 

4261 

0,23/60 

0,95 

2,73 

71.0 

08 

048 

0.05 

1.5 

32 

431 

4061 

0.23/60 

0.84 

2.78 

65.5 

08 

048 

0.05 

1.5 

32 

432 

4861 

0.25/60 

0.72 

2.84 

60.0 

08 

048 

0.05 

1.5 

32 

433 

4861 

0.25/60 

0.61 

2.92 

54.3 

08 

048 

0.05 

1.5 

32 

434 

4281 

0.25/60 

0.17 

3.42 

26.0 

08 

048 

0,05 

1.5 

32 

540 

4281 

e, 25/60 

1.30 

2.70 

86.0 

08 

048 

0.05 

1.5 

32 

541 

4081 

0,25/60 

1.16 

2.72 

80.3 

08 

048 

0.05 

1,5 

32 

542 

4081 

0.25/60 

1.03 

2.73 

75.0 

08 

046 

0.05 

1.5 

32 

543 

4061 

0,25/60 

8.92 

2.77 

69.3 

08 

048 

0.05 

1.5 

32 

544 

4061 

0,25/60 

8,01 

2.82 

64,0 

08 

846 

0.05 

1.5 

32 

545 

4081 

0.23/60 

0.76 

2.90 

30.5 

08 

048 

0.05 

1.5 

32 

546 

4261 

8,25/60 

2.62 

3,57 

160.3 

08 

048 

0.05 

1.5 

32 

211 

4881 

0.23/60 

09 

834 

0.05 

2.0 

1 

212 

4861 

0.25/68 

00 

034 

0.05 

2.0 

1 

371 

4061 

0.23/70 

1.49 

2.43 

93.0 

09 

034 

0.05 

1.5 

32 

372 

4281 

0.23/70 

1.33 

2.43 

87.3 

00 

034 

0.05 

1.5 

32 

373 

4261 

0,23/70 

1.28 

2.46 

82.0 

09 

034 

0.05 

1.5 

32 

374 

4861 

0,23/70 

0.99 

2.49 

73.5 

09 

054 

0.05 

1.5 

32 

373 

4061 

0,25/78 

0.66 

2.33 

70.0 

00 

034 

0.05 

1.5 

32 

376 

4061 

0.25/70 

0.71 

2.58 

64.3 

00 

034 

0.05 

1.5 

32 

377 

4m 

0.23/70 

0.60 

2.66 

59.0 

00 

034 

0.05 

1.5 

32 

378 

4281 

0.23/70 

0.00 

3.28 

26.0 

09 

034 

0.05 

1.5 

32 

421 

4061 

0,23/60 

1.34 

2.66 

89.0 

00 

034 

0.05 

1.5 

32 

422 

4061 

0.23/62 

1.23 

2.66 

63.5 

00 

034 

0.05 

1.9 

32 

423 

4061 

0,23/60 

1.20 

2.70 

78.0 

00 

034 

0.05 

1.5 

32 

424 

4081 

0,23/60 

1.08 

2.73 

72.3 

00 

034 

0.05 

32 

B-19 
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ULTRASONIC  TEST  OAT*  LlSTfcO  BY  SAPPLt  NUMBER,  CONTINUED 


TEST  StRUL  XDUCER  XDUCth  POSITION  SAMPLE  VOLT  DELAY  ROCS 

NR  NUMBER  O/ANULE  X-IN  Y-IN  THETA  NUMBER  ♦•FS  X1000  AVGC  NOTES 


310 

320 

340 

350 

360 

410 

620 

920 

425 

4081 

0,25/60 

0.87 

2.77 

67,0 

09-054 

0.05 

1.5 

32 

426 

4061 

0,25/60 

0.77 

2.e3 

61,5 

09-054 

0.05 

1.5 

32 

427 

4061 

0,25/60 

0.17 

3.43 

25.0 

09-054 

0.05 

1.5 

32 

535 

4361 

0.25/60 

1,43 

2.69 

91.0 

09-054 

0.05 

1.5 

32 

534 

4061 

0.25/60 

1.29 

2.70 

85.3 

09-054 

0,05 

1.5 

32 

535 

4381 

e, 25/60 

1.17 

2.72 

60.0 

09-034 

0,05 

1.5 

32 

536 

4381 

0.25/60 

1.03 

2.74 

74,5 

09-054 

0.05 

1.5 

32 

53/ 

4081 

0,25/60 

0.91 

2.78 

69.0 

09-054 

0.05 

1.5 

32 

53B 

4081 

0.25/60 

0.82 

2.92 

63.5 

09-054 

0.05 

1.5 

32 

539 

4081 

0.25/62 

2,64 

3.61 

162.3 

09-054 

0.05 

1.5 

32 

364 

4378 

0,25/70 

1.47 

2.43 

92.0 

10-073 

0.05 

1.5 

32 

365 

4076 

0.25/70 

1,33 

2.43 

66.5 

10-073 

0.05 

1.5 

32 

366 

4078 

0,25/70 

1.19 

2.44 

61.0 

10-073 

0.05 

1.5 

32 

367 

4078 

0.25/70 

1.03 

2.48 

75.3 

10-073 

0.05 

1.5 

32 

369 

4078 

0.25/70 

3,90 

2.51 

70.0 

10-073 

0,05 

1.5 

32 

369 

4076 

0.25/70 

0.76 

2.57 

64.5 

10-073 

0.05 

1.5 

32 

370 

4078 

0.25/70 

0.ee 

3.30 

24,0 

10-073 

0.05 

1.5 

32 

210 

4361 

0,25/60 

10-073 

0.05 

2.0 

1 

414 

4381 

0.25/68 

1.32 

2.66 

87.0 

10-073 

0.05 

1.5 

32 

415 

4361 

0,25/60 

1.16 

2.69 

81.9 

10-073 

0.05 

1.5 

32 

416 

4061 

0.25/60 

1.05 

2.71 

76.0 

10-073 

0,05 

1.5 

32 

417 

4061 

6.25/60 

0.94 

2.74 

70.5 

10-073 

0,05 

1.5 

32 

418 

4381 

0,25/60 

0.64 

2.79 

65.0 

10-073 

0.05 

1.5 

32 

419 

4361 

0.25/60 

0.73 

2.66 

59,5 

10-073 

0.05 

1.5 

32 

420 

4081 

0,25/60 

0.17 

3.40 

26,0 

10-073 

0.05 

1.5 

32 

526 

4381 

0,25/60 

1.64 

2.72 

101.0 

10-073 

0.05 

1.5 

32 

527 

4091 

0.25/60 

1.53 

2.68 

95.5 

10-073 

0.05 

1.5 

32 

528 

4061 

0.25/63 

1,36 

2.70 

90.0 

10-073 

0,05 

1.5 

32 

529 

4081 

0.25/60 

1.27 

2.70 

64,5 

10-073 

0,05 

1.5 

32 

530 

4381 

0.25/60 

1.14 

2.72 

79.0 

10-073 

0.05 

1.5 

32 

531 

4361 

0.25/60 

1.03 

2.74 

73.3 

10-073 

0.05 

1.5 

32 

532 

4081 

0,25/60 

2.67 

3,70 

169.0 

10-073 

0.05 

1.5 

32 

357 

4378 

0,25/70 

1.34 

2.50 

91.0 

11-093 

0.05 

1.5 

32 

358 

4078 

0.25/70 

1,25 

2.51 

85.5 

11-093 

0.05 

1.5 

32 

359 

4078 

0.25/70 

1.06 

2.53 

80.0 

11-093 

0.05 

1.5 

32 

360 

4078 

0,25/70 

0.93 

2.57 

74.5 

11-093 

8.05 

1.5 

32 

361 

4078 

0.25/70 

0.80 

2.62 

69.0 

11-093 

0.05 

1.5 

32 

362 

4078 

0,25/70 

0.67 

2.68 

63,5 

11-093 

0.05 

1.5 

32 

363 

4078 

0.25/70 

0.00 

3.38 

25.0 

11-093 

0.05 

1.5 

32 

209 

4081 

0.25/60 

11-093 

0.10 

2.0 

1 

225 

4081 

0,25/60 

11-093 

8.20 

1.5 

227 

4061 

0.25/60 

11-093 

0.10 

1.0 

229 

4381 

0.25/60 

1.31 

2.66 

86.0 

11-093 

0.20 

1.5 

233 

4081 

0.25/60 

1.26 

2.72 

83.3 

11-093 

0.10 

1.5 

10 

237 

4081 

0,25/70 

1.24 

2.40 

84.0 

11-093 

0.08 

1.5 

10 

247 

4061 

0.25/70 

1.42 

2.43 

91.0 

11-093 

0.10 

1.5 

10 

248 

4081 

0,25/73 

2,75 

3.25 

150.0 

11-093 

0.10 

1.5 

10 

249 

4061 

0,25/70 

2.75 

4,84 

210.0 

11-093 

0.10 

1.5 

10 

250 

4361 

0,25/70 

1.45 

5.55 

270,0 

11-093 

0.10 

1.5 

10 

251 

4081 

0.25/70 

0,00 

4 , / 5 

330.0 

11-093 

0.10 

1.5 

10 

252 

4081 

0.2 J/70 

3.05 

3.20 

30.0 

11-093 

0.10 

1.5 

10 

253 

4061 

0.23/70 

4.89 

2.53 

72.0 

11-093 

0.10 

1.5 

10 

B-20 


ULTWASOMC  TfcSl  0*T*  LISTED  bY  SAMPLE  NUMBER , CONTINUED 


Ttsr 

Sd* 1 At 

XOJCER 

XOUCtK  POSITION 

sample 

VOLT 

DELAY 

0060 

NR 

MJMjJtR 

0/ ANGLE 

X <■  I N 

Y-IN 

THETA 

NUMBER 

♦ -ES 

X 1 000 

AVGO  NOTES 

310 

320 

340 

350 

360 

410 

620 

920 

272 

4081 

0.25/70 

1.35 

2.43 

85.5 

11*093 

0.05 

1.5 

10 

274 

4081 

0.25/70 

1.35 

2.43 

85.5 

11*093 

0.05 

1.5 

10 

2 B 1 

4081 

0,23/70 

1.35 

2.43 

95.5 

11-093 

0.05 

1.5 

10 

2B2 

4081 

0.25/70 

1.35 

2.43 

85.5 

1 1*093 

0,05 

1.5 

10 

288 

4 381 

0.28/70 

1.35 

2.43 

85.5 

11-093 

0.05 

1.5 

10 

29V 

4081 

0.25/70 

1 .3e 

2.47 

86.5 

11-093 

0.05 

1.5 

10 

304 

4081 

0.25/70 

1.22 

2.48 

81.0 

11-093 

0.05 

1.5 

10 

30  1 

4381 

0.25/70 

1.09 

2.50 

75.5 

11-093 

0.05 

1.5 

10 

302 

4081 

0.25/70 

0.95 

2.32 

70.0 

11-093 

0.05 

1.5 

10 

303 

4 ? 8 1 

0.25/70 

0.01 

2.37 

64.5 

11-093 

0.05 

1.5 

10 

34  4 

40dl 

0.23/70 

0,66 

2.64 

59.0 

11-093 

0,05 

1.5 

10 

303 

4 ;e  i 

0.25/70 

2.72 

3.32 

149.0 

11-093 

0.05 

1.5 

10 

407 

4381 

0.23/60 

1.28 

2.68 

86,0 

11-093 

0.10 

1.5 

32 

408 

4081 

0.25/60 

1 .16 

2.68 

00.5 

11-093 

0.10 

1.5 

32 

449 

4081 

0,25/60 

1.05 

2.71 

75.0 

11-093 

0.05 

1.5 

32 

410 

4081 

0.23/60 

0.92 

2,75 

69.5 

1 1-093 

0.05 

1.5 

32 

411 

4081 

0.25/60 

0.01 

2./9 

64.0 

11-093 

0.05 

1.5 

32 

412 

4081 

0.25/60 

0.7U 

2.85 

58.5 

1 1-093 

0.05 

1.5 

32 

413 

4081 

0.25/60 

0.1/ 

3.43 

25.0 

11-093 

0.05 

1.5 

32 

519 

4081 

0.25/60 

1.27 

2.69 

85.5 

11-093 

0.05 

1.5 

32 

524 

4081 

0.25/60 

1.16 

2.70 

80.0 

11-093 

0.05 

1.5 

32 

521 

4281 

0.25/60 

1.03 

2.73 

74.5 

11-093 

0.05 

1.5 

32 

522 

4081 

0.25/60 

0.91 

2.77 

69.0 

11-093 

0.05 

1.5 

32 

523 

4081 

0.25/60 

0.00 

2,82 

63.5 

11-093 

0.05 

1.5 

32 

524 

4081 

0.25/60 

0.66 

2.89 

58.0 

11-093 

0.05 

1.5 

32 

525 

4081 

0.25/60 

2.62 

3.64 

161.0 

11-093 

0.05 

1.5 

32 

208 

4081 

0.25/60 

12-113 

0,10 

2.0 

1 

354 

4081 

0.25/70 

1.39 

2.40 

91.5 

12-113 

0,05 

1.5 

32 

351 

4 081 

0.25/70 

1.25 

2.50 

86.0 

12-113 

0.05 

1.5 

32 

352 

4081 

0.25/70 

1 .10 

2.32 

80.5 

12-113 

0.05 

1.5 

32 

353 

4081 

0.25/70 

0.95 

2.57 

75.0 

12-113 

0.05 

1.5 

32 

354 

4081 

0.25/70 

0.01 

2.61 

69.5 

12-113 

0.05 

1,5 

32 

355 

4081 

0.25/70 

0.68 

2.68 

74.0 

12-113 

0.05 

1.5 

32 

356 

4081 

0.25/70 

0.X.0 

3.40 

25.0 

12-113 

0.05 

1.5 

32 

400 

4081 

0.25/60 

1.30 

2.68 

86.5 

12-113 

0.05 

1.5 

32 

401 

4081 

0.25/60 

1,20 

2.70 

81.0 

12-113 

0.05 

1.5 

32 

402 

4081 

0.25/60 

1.05 

2.72 

75.5 

12-113 

0.05 

1.5 

32 

403 

4081 

0,26/60 

0.92 

2.76 

70.0 

12-113 

0.05 

1.5 

32 

404 

40.81 

0.25/60 

0.00 

2.80 

64,5 

12-113 

0.05 

1.5 

32 

405 

40t  1 

0.25/60 

0,70 

2.86 

59.0 

12-113 

0.05 

1.5 

32 

400 

4081 

0.25/60 

0.16 

3.43 

25,5 

12-113 

0.05 

1.5 

32 

512 

4081 

0.25/60 

1.34 

2.70 

87.5 

12-113 

0,09 

1.5 

32 

513 

4281 

0.25/60 

1.20 

2.70 

82,0 

12-113 

0.05 

1.5 

32 

514 

4081 

0,25/60 

1.10 

2.73 

76.5 

12-113 

0.05 

1.5 

32 

515 

4081 

0.23/60 

0.97 

2.77 

71.0 

12-113 

0.05 

1.5 

32 

516 

4081 

0.25/60 

0.03 

2.81 

65.5 

12-113 

0.05 

1.5 

32 

517 

4061 

0.25/60 

0.73 

2.87 

60.0 

12-113 

0,05 

1.5 

32 

518 

4081 

0,25/60 

2.02 

3.50 

160.5 

12-113 

0.05 

1.5 

32 

204 

5354 

0,25/49 

12-113 

0.20 

0,0 

1 NOTE  2 

207 

4081 

0.25/60 

13-150 

0.10 

2.0 

1 

343 

4081 

0,25/70 

1.33 

2.50 

90,0 

13-150 

0.05 

1.5 

32 

344 

4081 

0.25/70 

1.10 

2.51 

64,5 

13-150 

0,05 

1.5 

32 

B-21 
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UlTkASOnIC  test  OATA  uISTEO  by  SAMPLE  NUMBER  # CONTINUED 


TEST 

SEP  I AL 

XOUCER 

XDUCtR  POSITION 

SAMPLE 

VOLT 

delay 

RDGS 

NR 

NUMBER 

D/ ANGLE 

X-IN 

Y-IN 

theta 

number 

♦ -r"  S 

X1000 

AVGC 

NOTES 

310 

320 

340 

350 

360 

410 

620 

920 

345 

4081 

0.25/70 

1.03 

2.54 

79.0 

13 

150 

0.05 

1.5 

32 

346 

4081 

8.25/70 

0.9? 

2.58 

73.5 

13 

150 

0.05 

1.5 

32 

347 

4081 

0.25/70 

9.78 

2.63 

68.0 

13 

150 

0.05 

1.5 

3? 

346 

4081 

0.25/70 

0.65 

2.69 

62.5 

13 

150 

0.05 

1.5 

32 

349 

4081 

0,25/70 

e.00 

3.40 

25.5 

13 

150 

0.05 

1.5 

32 

393 

4081 

0.25/60 

1.36 

2.68 

91.0 

13 

150 

0.10 

1.5 

32 

394 

4081 

0,25/60 

1.27 

2.69 

85.5 

13 

150 

0.10 

1.5 

32 

395 

4081 

0.23/60 

1.16 

2.69 

80.0 

13 

150 

0.05 

1.5 

32 

396 

4081 

0.25/60 

1.03 

2.71 

74,5 

13 

150 

0.05 

1.5 

32 

397 

4081 

0,25/60 

0.se 

2.76 

69.0 

13 

150 

0.05 

1.5 

3? 

'"398" 

~ 4081 

0,25/60 

0.80 

2,82 

63.3 

13 

150 

0,05 

1.5 

32 

399 

4061 

0,25/60 

0.16 

3.42 

25.0 

13 

150 

0.05 

1.5 

32 

505 

4981 

0.25/60 

1.59 

2.72 

99.5 

13 

150 

0.05 

1.5 

32 

306 

4081 

0.25/60 

1.44 

2.68 

94.0 

13 

150 

0.05 

1.5 

32 

507 

4081 

0,25/60 

1.33 

2.68 

68.5 

13 

150 

0.05 

1.5 

32 

508 

4081 

0,25/60 

1.22 

2.70 

83.0 

13 

150 

0.05 

1.5 

32 

“309 

4081 

0,25/60 

1.10 

2.72 

77.5 

13 

150 

0.05 

1.5 

32 

510 

4081 

0,25/60 

0.97 

2.76 

72.0 

13 

150 

0.05 

1.5 

32 

511 

4981 

0.25/60 

2,63 

3.67 

166.0 

13 

150 

0.05 

1.5 

32 

203 

3334 

0,25/45 

13 

150 

0.50 

0.0 

1 

NOTE  2 

206 

4081 

0.25/60 

14 

192 

0.10 

2.0 

1 

“724 

4081 

0,25/60 

14 

192 

0.20 

1.5 

1 

226 

4081 

0.25/60 

14 

192 

0.20 

1.5 

1 

228 

4081 

0,25/60 

1.24 

2.64 

88.0 

14 

192 

0.20 

1.5 

1 

232 

4081 

0,25/60 

1.36 

2.70 

93,0 

14 

192 

0.20 

1.5 

ie 

236 

4081 

0,25/70 

1.2? 

2.50 

86.5 

14 

192 

0.05 

1.5 

10 

240 

4081 

0,25/70 

1.42 

2.44 

91.0 

14 

192 

0.10 

1.5 

10 

“241 

4081 

0.25/70 

2.75 

3.25 

150.0 

14 

192 

0.10 

1.5 

16 

242 

4081 

0,25/70 

2.75 

4.80 

210.0 

14 

192 

0.10 

1.5 

ie 

243 

4091 

0,25/70 

1.42 

5.56 

270.0 

14 

192 

0.10 

1.5 

le 

244 

4081 

0,25/70 

0.0? 

4.75 

330.0 

14 

192 

0.10 

1.5 

10 

245 

4961 

0,25/70 

-.05 

3.33 

30.0 

14 

192 

0.10 

1.5 

10 

246 

4081 

0,25/70 

0.93 

2.50 

71.0 

14 

192 

0.10 

1.5 

10 

“2T0 

4081 

0.25/70 

1.35 

2,43 

86.5 

14 

192 

0.05 

1.5 

10 

271 

4081 

0.25/70 

1.33 

2.43 

85,9 

14 

192 

0.05 

1.5 

10 

278 

4081 

0,25/70 

1.32 

2.42 

84,5 

14 

192 

0.05 

1.5 

10 

279 

4081 

0.25/70 

1.33 

2.43 

83.9 

14 

192 

0.09 

1.5 

10 

280 

4091 

0.25/70 

1.35 

2.43 

85.3 

14 

192 

0.05 

1.5 

10 

291 

4081 

0. 25/70 

1.23 

2,47 

80.5 

14 

192 

0.05 

1.5 

10 

2T2 

4081 

0.25/70 

1.23 

2.47 

80.5 

14 

192 

0.05 

1.5 

10 

293 

4081 

0,25/70 

1.17 

2.50 

75.0 

14 

192 

0.05 

1.5 

10 

294 

4081 

0.25/70 

0.91 

2.94 

70.0 

14 

192 

0.05 

1.5 

10 

293 

4081 

0,25/70 

0.77 

2.60 

64,0 

14 

192 

0.05 

1.5 

10 

296 

4061 

0,25/70 

0.64 

2.65 

56,0 

14 

192 

0.05 

1.5 

10 

297 

4081 

0.25/70 

0.53 

2.72 

52.5 

14 

192 

0.05 

1.5 

10 

“293 

4061 

0.25/70 

2.72 

2.71 

121.0 

14 

192 

0.05 

1.5 

10 

336 

4081 

0,25/70 

1.27 

2.50 

87.0 

14 

192 

0.05 

1.5 

32 

337 

4061 

0,25/70 

1.09 

2.32 

61.9 

14 

192 

0.05 

1.5 

32 

338 

4081 

0,25/70 

0.97 

2.54 

76.0 

14 

192 

0.05 

1.5 

32 

339 

4091 

9.25/70 

0.83 

2.59 

71.0 

14 

192 

0.05 

1.5 

32 

340 

4081 

0.23/70 

0.70 

2,65 

65.0 

14 

192 

0.05 

1.5 

32 

"341 

4061 

0,25/70 

0.56 

2,73 

59.5 

14 

192 

0.05 

1.5 

32 

342 

• 081 

0.23/70 

0.00 

3.35 

27.0 

14 

192 

0.05 

1.5 

32 
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ULTRASONIC  IfcSl  U AT  A LISTED  BY  SAMPLE  NUMBER , CONTINUED 


TEST 

SERIAL 

XUUCER 

xuuctK  position 

Sample 

volt 

DELAY 

ROCS 

NR 

NUMBER 

O/ANuLE 

X-  IN 

Y-IN 

THETA 

number 

♦ -PS 

X 1 000 

AVCO 

NOTES 

310 

32B 

340 

330 

360 

410 

620 

920 

386 

4081 

0,23/66 

1.44 

2.66 

93.0 

14-192 

0.10 

1.3 

32 

387 

4081 

0,25/60 

1.30 

2.67 

87.5 

14-192 

0.10 

1.3 

32 

388 

4081 

0.25/00 

1.20 

2.68 

82.0 

14-192 

0.10 

1.3 

32 

389 

408  1 

0,23/60 

1.08 

2.70 

76.5 

14-192 

0.03 

1.5 

32 

393 

4081 

0,25/60 

0.95 

2.74 

71,0 

14-192 

0.03 

1.3 

32 

391 

4081 

0,25/60 

0.83 

2.78 

65.5 

14-192 

0.03 

1.3 

32 

392 

4061 

0,25/60 

0.17 

3.43 

23.0 

14-192 

0,03 

1.3 

32 

498 

4061 

8.29/60 

1.46 

2.70 

93.5 

14-192 

0.10 

1.3 

32 

499 

4081 

0,23/68 

1.34 

2.70 

88.0 

14-192 

0.10 

1.5 

32 

SOB 

4081 

0.25/60 

1.20 

2.70 

82.5 

14-192 

0.  10 

1.9 

32 

501 

4 <i  8 1 

0,23/60 

1.08 

2.73 

77.0 

14-192 

0,03 

1.3 

32 

502 

4061 

0.25/60 

0.97 

2.76 

71.5 

14-192 

0,03 

1.5 

32 

5 03 

4061 

0,25/60 

0.85 

2,80 

66.0 

14-192 

0.05 

1.9 

32 

504 

4061 

8.25/60 

2.63 

3.71 

164.5 

14-192 

0.03 

1.9 

32 

202 

5354 

0,23/43 

14-192 

0.50 

0,0 

t 

NOTE  2 

329 

4078 

0.25/70 

1.24 

2.60 

87.0 

13-279 

0.03 

1.9 

32 

33B 

4078 

0,25/70 

1.10 

2.60 

81.5 

15-279 

0.05 

1.9 

32 

331 

«078 

0,25/70 

0.98 

2.63 

75.5 

13-279 

0.05 

1.9 

32 

332 

4078 

0,23/70 

0.88 

2.69 

70.4 

13-279 

0.03 

1.9 

32 

333 

4076 

0,23/70 

0.72 

2.76 

64.5 

13-279 

0,03 

1.9 

32 

334 

40/8 

0,25/70 

0.61 

2.81 

39.0 

15-279 

0.05 

1.9 

32 

333 

4078 

0,25/70 

0.00 

3,72 

12.0 

13-279 

0.05 

1.9 

32 

203 

4061 

0.23/60 

15-279 

0.10 

2.0 

1 

29B 

4081 

B.23/70 

1.43 

2.52 

86.3 

13-279 

0.03 

1.9 

1 

379 

4081 

0.23/60 

1.32 

2.70 

87.0 

13-279 

0.10 

1.9 

32 

380 

4081 

0.25/60 

1.20 

2.72 

81.3 

13-279 

0.10 

1.9 

32 

381 

4061 

0.25/60 

1.08 

2.78 

76.0 

13-279 

0.10 

1.9 

32 

382 

4081 

0,25/60 

0.94 

2.78 

70.5 

13-279 

0.10 

1.9 

32 

383 

4081 

8,25/60 

0.82 

2.82 

63.0 

13-279 

0.10 

1.9 

32 

384 

4081 

0,23/60 

0.71 

2.88 

59.3 

13-279 

0.03 

1.9 

32 

385 

4091 

B.23/60 

0.14 

3,56 

10.0 

13-279 

0.05 

1.9 

32 

491 

4081 

0.23/60 

1.32 

2.70 

87.0 

13-270 

0.03 

1.9 

32 

492 

4061 

0.23/60 

1.1b 

2.71 

81.5 

13-279 

0.05 

1.9 

32 

493 

4061 

0,23/60 

1.07 

2.73 

76.0 

13-270 

0.03 

1.9 

32 

494 

4081 

0,23/60 

0.95 

2.76 

70.3 

13-279 

0,03 

1.9 

32 

493 

4091 

0,25/60 

0.64 

2.82 

65.0 

13-270 

0,05 

1.9 

32 

496 

. 4061 

0,23/60 

0.73 

2.86 

59.3 

13-279 

0.05 

1.9 

32 

497 

4061 

0.25/60 

2.65 

3.74 

167.0 

13-279 

0.03 

1.9 

32 

201 

5334 

0.23/43 

13-279 

0,50 

2.0 

1 
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APPENDIX  C 

AMPLITUDE  VERSUS  TIME  PLOTS  OF  SERIES  1 AND  2 DATA 


Time  waveforms  recorded  for  each  specimen  crack  at  the  six 
angular  positions  and  the  reference  signal  for  Series  1 and 
Series  2 are  shown.  The  viewing  angles  increase  from  left  to 
right  and  top  to  bottom  in  5.5°  increments,  starting  with  0° 
in  the  top  left  hand  corner.  The  bottom  most  figure  is  the 
reference  signal  for  the  particular  specimen. 

Sample  specimens  are  labeled  xx-yyy,  where  xx  is  the  16-sample 

set  identification  number  (xx  “0,  1 15)  and  yyy  is  the 

crack  length  in  mils.  For  example,  15-279  denotes  specimen 
number  15,  which  contains  a 279  mil  crack. 
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